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FORKWORD 


This  is  thi'  Final  Report  for  Contrart  N00019-72-C-0271,  Dt'part  inont  <>f  the  Navv, 

Na\^  Air  Systems  Command.  The  a-ork  covered  in  this  re|>‘>ri  was  e  implett  d  cliirin,'. 
the  period  6  April  1972  to  6  April  1973  and  is  an  extension  of  w>rk  done  under  prf:'ii";’s 
NASC  contracts  beginning;  1  January  1971.  These  invest  iyai ions  ’.vere  performed  i)V  cue 
Material  &  Process  Technology  Laboratories  (M&PTLl  of  the  general  Kleetric  Companv. 

The  Project  Engineer  for  the  Department  of  the  Navv  is  Mr.  1.  Mach)  in.  Tie  Principa! 
Inve-stigator  for  this  program  is  Dr.  R.  E.  .-Vilen,  with  Dr.  C.  Brueh  as  Program 
Manager. 
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ABSTRACT 


An  investigation  of  oxide  dispersion  str«?ntjthentne;  (ODS)  of  oxidation  r  'sistant  FeCrAlY 
alloys  was  conducted  usinp  areon  atomized  proalloved  powders  ami  a  modified  SAP 
technique.  The  main  objectives  were  to:  improve  surface  staliilitv;  establish  uniform 
powder  pre-oxidation  techniques;  and  improve  the  stress-rupture  properties  to  the  level 
e.xliibited  by  TD  NiCr  sheet.  Increased  ehronuuni  content  proved  verv  .successful  in 
eliminating:  ’’broukway"  oxidation.  Se^'cral  powd«“r  pre-oxidaiion  U  chniques  wt're  identi¬ 
fied  w'hich  provide  uniform  oxidation  and  prevention  of  nitrogen  contamination.  Taruct 
weight  gains  were  con.sistenUv  acliieved.  Rupture  stre.s.s  of  the  OlXi  FcCTAlY  bar  wa.s 
raised  to  the  9.0  ksi  level  through  the  addition  of  6  v  o  o.xiUe  ami  is  now  convpar.tiilc  in 
strength  to  TD  NiCr  at  temperatures  ;ibove  2000F.  If  .»  densitv  cnrr<  ct\on  is  applied  to 
the  rupture  stress,  ODS  FeCr.AlY  is  superior  to  TD  NiCr  at  ttuniieratui'es  .ilmve  .ipproxi- 
mately  1800F. 
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1.  INTItODUC  noN 


Thf  objt.*ctiv»‘  of  this  proi^rum  was  th«‘  deviiopnu'nt  i*f  <*oiiil>inc(l  pr»jp»‘rtifs  of  stroriRth, 
ductilitv  and  oxiihition  resistance  in  the  FeCrAlY  all»»v  svsteni  at  t»“n»i)<Tatures  in  the 
2000“F  to  2500“F  rani^t*.  This  system  was  s»‘!ect«-d  because  many  of  the  alloys  |>oss<;ss 
excellent  surface  stability  (oxid:ition  hot  corrosion  resistanci-l  althout'h  they  nf)rinallv 
have  poor  mechanical  properties  at  these  temjwratures.  The  priiu'iple  task  then  was  to 
improve  structural  projjerties  without  de</radin^;  surface  st;il»ilitv.  Tiiese  improvements 
were  souj^ht  by  oxide  dispt*rsion  stren^;thenint^ 

Previ(»us  effort  in  this  pr«)!’ram  2.  2)  cent«-red  around  the  <ixide  disp«‘rsion 
strent;thcninf;  of  two  matrix  chcmiistries  Fe-25Cr-4Al-l  V  (Allov  2Ii11i  and  F<*-15CR-5A1- 
lY-tCl)  (Allov  ir>r>l-lCl»).  Oxide  additions  wi-i«*  madi- t»v  tin  SM’  tectmir|ue.  i,e.  prf— 
oxiilation  of  atomi/ed  powder  follow«-d  with  densifi<  alion  bv  .  xtrusion,  Larc*  eloni’.atisl 
interlockim;  textured  c,rain  structures  were  achieveif  m  both  alloys  by  l•ontro^l•(l  thermic- 
mechanical  sheet  rollint;  processes. 

Static  oxuUition  resistance  of  Alloy  2541  ami  Fe-t5Cr-5A!-lY  (Albiv  1551)  was  met  affecteil 
by  the  addition  of  1  to  4  v  o  oxide.  A  thin  tiahtlv  adherent  oxtde  film  was  formed  and  no 
intortiranular  attack,  no  internal  oxidation  and  no  dep|«>ted  region  w"a.>  oii.-erveti  in  static 
cvelic  exposures  of  2000®F  500  hours  and  2400’F  100  hours.  In  additjoii,  static  air 
oxidation  kinetics  of  ODS  Allov  2541  were  not  accelerated  l»y  exjvisure  to  2l00'F  Mach  1 
}»ases  for  100,  one-hour  cvcles. 

The  1971  program  consisted  of  two  parts:  one  a  p;trtial  stab  -up  oj  ttie  l»est  1970  process 
anti  the  second,  an  investiijation  aimtst  at  increasinu  hic.h  temperature  properties.  Ttie 
scale-up  effort  was  for  production  of  12”  wide  sheet  of  Ft— I5(,’r-GA1-2V  (1502'  •  4  v  n 
oxide.  Properties  of  this  sheet  wert>  higher  than  were  olitained  tlurinv,  the  1970  pnntram 
(N00019-70-C-0232)  on  small  samples.  In  addition,  buu.iludinal  and  tr.tn-.verse  properties 
of  the  12”  wide  sheet  wxre  nearly  equivalent  and  were  hicher  than  TO  NiCr  transverse 
sheet  properties  at  Larsen  Miller  parameters  abttve  72  <C  25)  as  showii  in  Figure  1.  In 
the  investigation  aimed  at  increasing  projicrties  it  was  found  tliat  tht'  rupture  stress  ot  ODS 
FeCrAlY  bar  was  almo;;t  80  percent  hi^her  than  that  oijserveil  in  sheet.  A  'TapluiMl 
comparison  of  TD  NiCr  sheet  and  ODS  FeCrAlY  bar  is  itiveii  in  Figure  2. 

Long  time  (10.  0(X)  hours)  hot  corrosion  testing  at  1600®F  and  1800“F  indicates  tli.it  ODS 
FeCrAlY  is  extremely  resistant  to  atUick  and  is  tir  sup»*rior  to  any  commercial  nickel  or 
cobalt  base  alloy. 

In  order  to  widen  the  range  of  potential  application,  further  strentdhening  wyis  being  sought 
in  the  program  described  here.  The  best  alloy  produced  to  tUite  represented  an  improve¬ 
ment  of  more  than  20  times  the  1000-hour  rupture  .stress  of  the  base  Allov  2541.  Tills 
was  achieved  with  no  degradation  of  oxidation  resistance.  The  go.il  of  this  program  was  to 
obtain  an  additional  50  percent  strength  increase  in  FeCrAlY  alloys  also  witliout  t!egr.ula- 
tion  of  surface  stability.  This  was  attempted  in  a  processing  study  aimed  at  refining  jiro- 
cedures  and  chemistry  of  FeCrAlY  alloys. 
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2.  PROCESS  DEVELOPMENT 


2.1  POWDER  PROCUREMENT 

Three  alloy  chemistries  of  -325  mesh  arj^on  atomized  powder  were  purchased  from  Alloy 
Metals,  Inc.  Nominal  chemistries  of  these  alloys  in  weii'ht  p<?rcent  were:  (1)  l5Cr,  6A1, 

2Y  (Alio,  ::C2);  (2)  20Cr,  6A1.  2Y  (Alloy  2062):  ••’d.  f3>  25rr.  6A1,  2Y  (Alloy  25621. 
Atomization  u'as  conducted  from  an  induction  melt  of  viri^in  material  and  atomization  nozzle 
parameters  were  adjusted  to  t;ive  a  hit’.h  yield  of  -325  mesh  ixiwder.  Chemical  analysis  of 
these  three  powders  are  shown  in  Table  1.  The  oxv^im  lex’el  shown  is  hif'her  than  normal 
for  arfion  atomization  and  is  attributi'd  to  the  very  fine  particle  size*  compared  to  normal 
^as  atomized  powders.  Since  the  powders  were  to  be  preoxidizfd  before  extrusion,  the 
hi^h  oxyi;en  level  was  not  anticipated  to  be  dehderious. 

2.2  POWDER  PREOXIDATION 

Oxide  addition  to  these  |K)wders  was  accomplished  bv  preoxidizinu  the  powders  as  in  the 
SAP  technique.  This  w-as  anticipated  to  protluce  a  thin  shell  of  AI2O3  on  the  surface  of 
each  splierical  powder  particle.  Preoxidation  of  small  quantities  t)f  jxiwder  in  thin  layers 
on  a  metal  tray  was  conducted  quite  successfully  in  an  earlier  program  When  larger 
batches  of  powder  were  preoxidized  in  air.  how'ever.  nitros’cn  contamination  problems 
w’cre  encountered  (31,  in  order  to  avoid  nitridatnm.  a  suiisequent  effort  was  conducted  in 
pure  oxytren.  In  this  case  layering  effects  of  nnnuniform  oxygen  concentration  were  found 
in  the  large  powder  batches.  Not  only  was  the  oxidation  nonuniform  on  a  macro  scale  but 
when  indiv1du;il  powder  particles  were  ox;imined.  micro  scale  nonuniformities  were 
observed.  Subsequent  analysis  showed  these  to  be  related  to  the  "break  away”  oxidation 
phenomenon  reported  in  Ni,  Co  and  Fo  base  MCrAl  bv  Stott,  et  al  W,  The  phenomenon 
was  found  (‘^1  in  alloys  of  the  MCrAl  family  w'hich  were  low'  in  Cr  content.  Sporadic,  rapid 
oxidation  rates  were  observed  in  such  alloys  as  a  result  of  forming  other  oxides  than  the 
protective  AI2O3  scale.  In  cases  where  break  aw'ay  oxidation  wras  observed  in  FeCrAl,  the 
outer  scale  formed  ^0304.  An  inner  scale  of  complex  Cr203,  Fe304.  and  AI2O3  oxides 
resulted  from  rapid  internal  oxidation.  The  occurrences  of  break  aw'ay  oxkkition  found 
previously  in  some  15^  Cr  FeCrAlY  powders  was  thought  to  be  attributable  to  the  very 
high  surface  to  voluir.''  ratio  found  in  these  powders.  Thr  formation  of  the  thick  oxide  scale 
on  powders  was  de'eterious  to  the  final  oxide  dispersion  also,  because  such  massive  oxides 
carried  over  into  Lie  densified  product  where  they  appeared  as  very  large  stringers.  In 
addition  to  their  undesirable  size  and  distribution,  these  clumps  are  ex|)ected  to  be  unstable 
because  they  should  be  reduced  by  Al  in  solid  solution  to  form  AI2O3. 

In  order  to  eliminate  these  problems  from  the  preoxidation  step,  a  detailed  study  of  powxler 
preoxidation  was  undertaken  in  this  program.  Studies  were  performed  to  establish  conditions 
for  the  preoxidation  of  the  three  compositions  to  1  w'/o  and  2  w/o  oxygen  (4  and  8  V/O  oxide). 
These  Included  the  determination  of  w'clght  change  as  a  function  of  powder  compaction, 
temperature,  ime  and  powder  depth.  Small  porcelain  crucibles  containing  various  depths 
of  powder,  rang-ng  from  0. 1”  to  0.  8"  were  placed  in  a  tray  and  inserted  in  a  glo-bar  heated 
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box  furniice.  The  jwwdcrs  were  cooled,  weighed  and  inspected  for  oxidation  uniformity 
(based  on  color)  at  times  of  approximately  2,  4  and  20  hours.  The  results  are  shown  in 
Tables  11,  111  and  IV.  In  the  desi^n  of  the  experiment  it  was  believed  that  it  would  be 
possible  to  determine  a  safe  w'orkin^  powder  depth  bv  varvint;  the  powtier  level.  However, 
as  can  be  seen  from  the  data  (Table  HI)  the  2062  alloy  preoxidized  at  HOOT  are!  the  2562 
alloy  preoxidized  at  1200“F  (Table  IV),  tiu*  wei^jht  chanu«*  vs.  powder  de[)th  measurement 
does  not  appear  to  be  sensitive*  enough  to  detect  tayerinj;  effects  that  wt;re  oi)\ious  by  color 
chanRes.  The  deeper  samples,  14,  15,  18,  41.  42  and  45  show'ed  color  transitions  at  0.  4” 
and  0.  5”. 

Specimens  of  each  composition  were  select«‘d  from  the  pr<>oxidation  studies  and  wctc 
evaluated  for  uniformity  of  oxidation.  Analysis  of  th<*  oxide  fr>rmation  was  |)erformed  usinf' 
a  scanning'  electron  microscope  (SKM)  and  energy  dis|H‘rsion  ainilysis  x-rav  (KI)AX)  equip- 
ment.  The  SFM/EDAX  analysis  and  photos  are  shown  in  Figures  .1,  4  and  5.  Alloy  1562 
(Spec.  7  of  Tiible  II)  of  FiRure  3  which  was  preoxidized  at  11(X)“F  for  22  hours  in  air  to  1.  2 
w/o  oxyRon  appears  to  have  some  evidence  of  bri'uk  awav.  Although  not  as  severe  as  w.is 
observed  in  an  earlier  proRram(3),  the  lack  of  protective  AI2O3  scale  is  illustrated  in 
FiRure  3  may  be  observed  alonR  with  the  aijjiearanc**  of  thi*  iniM*r  cf>niplex  oxide  scale 
normally  observed  duriiiR  break  away  oxidation.  The  2062  material  (Spec.  26)  of  Table  III 
oxidized  at  1200“F  for  20  hours  in  air,  to  I.  4  w  o  and  th«-  2562  (Spec.  43  Table  IV)  oxidized 
at  1200‘’F  for  4.2  hours  in  air  to  1.  1  w  o  showed  no  evidem***  <»f  i»reak  away  oxiilation  as 
shown  in  FiRures  4  and  5  respectively. 

The  safe  workinR  depth  of  the  preoxidati,in  of  FeCrAlY  -325  mesh  pf  wder  was  determined 
to  be  approximately  0.3".  Subsequently  s«*v'eral  prefixUiation  runs  were  performed  in  a 
cmnmon  Rlo-bar  heated  box  furnace  usint;  shallow  travs  approximatelv  12”  square  anti  a 
powder  depth  of  1/4".  Information  alxiut  these  runs  are  shown  in  'labb*  V.  Usint*  tinu  - 
temperaturo  ptirameters  taiU>red  for  each  FeCrAlY  coiii|)«*sitit»n.  this  technitiue  lias  dem¬ 
onstrated  reliability  in  obtaininR  predicted  weiRht  cains  »»f  1  -  and  was  used  f  :.r  the  pro¬ 
cessing  of  pilot  scale  extrusion  studies.  Oxitlation  uniformitv  based  on  color  was  excellent. 
Vacuum  fusion  analysis  for  O2  and  N2,  lioth  before  and  after  furnact*  exposure,  are  shotni 
in  Table  V.  The  ox>'Ren  contents  determined  iiv  vacuum  fusion  are  fairly  consistent  with 
weight  change  measurements  made  on  small  smapl«-s  wbich  were  exposetl  siittultanei^usli, 
in  small  porcelain  crucibles.  Past  experience  had  indicated  the  weight  ch.inge  determina¬ 
tions  to  be  more  reliable  than  the  vacuu  u  fusion  results  but  racuum  fusion  results  are 
becoming  more  accurate  and  precise  wita  the  combination  of  improved  aniiluical  procedure's 
and  more  uniform  preoxidation.  No  nitrogen  contamination  w;is  observed  in  powder  pro- 
o.xidizcd  at  a  1,  4"  depth  or  less. 

Two  approaches  that  were  more  favorable  for  the  production  of  large*  quantities  were 
investigated.  In  one  approach  the  preoxidation  was  conelucte'd  in  a  rotary  ki’n  where 
fresh  material  was  continuously  exposed  to  the  oxidizing  environment.  A  five  pound  batch 
of  Alloy  1562  was  preoxidized  in  a  gas  fired  calciner  at  Bartlett -Snow  Corp. ,  Cleveland. 
Ohio*.  This  resulted  in  a  very  uniform  oxidation  of  the  jjowder  indicating  that  this  approach 
should  effectively  eliminate  the  layering  previously  encountered  in  large  batches.  The  five- 
pound  batch  was  tumbled  for  six  hours  at  a  mean  temperature  of  llOO'F.  Temperature 


*Bartlett-Snow  Corp.  manufactures  calciners.  They  do  not  normally  operate  as  a  lieat 
treat  service  function  but  wore  cooperative  in  this  program  in  order  to  Increase  their 
technical  background  and  in  order  to  promote  utilization  of  their  equipment. 
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control  was  poor  (1060®  to  1200*F)  and  contamination  from  a  coarse  refractory-like  sub¬ 
stance  was  found  throughout  the  powder.  Since  the  contaminant  was  coarse,  sieving  through 
a  -325  mesh  screen  seemed  to  be  successful  in  separating  the  coi^aminaiit  from  the  FeCrAlY. 
Semiquantitutivc  spectrographic  analysis  conducted  after  screening  showed  no  evidence  of 
foreign  material.  Both  visual  exitmination  of  the  powder  and  metaillographic  eximination  of 
the  extrudetl  billet  indicated  the  preoxidation  was  very  uniform.  Chemical  analysis  of  tiie 
powder  before  and  after  preoxidation  is  shown  in  Table  VI. 

An  extensive  search  for  an  available  clean  rotary  kiln  proved  unsuccessful.  This  technique 
is  believed  to  be  a  good  one  but  will  be  discontinued,  at  least  temporarily  until  it  liecomcs 
economically  feasible  to  purchase  or  build  equipment  solely  for  FeCrAlY  u.se. 

Tlic  olhei  ..cale-up  approach  was  a  "moving-tray"  experiment.  A  five-pound  batch  of  Alloy 
2062  was  preoxidizeti  at  the  Electric  Furnace  Co. ,  S  *lem,  Ohio.  Two  shallow  trays  were 
moved  through  an  electrically  heated  roller  convevm  furnace  system  having  a  12  foot  long 
hot  zone.  The  furnace  exposure  was  1175®F  for  4  hours  in  air.  Two  small  porcelain 
crucibles  containing  equivalent  dejjths  of  powder  wi‘re  placed  in  each  tray  so  w'cight  gain 
determinations  could  be  made. 

The  results  were  the  same  as  obtained  in  the  static  tray  runs.  The  target  1  <  weight  gain 
w'as  achieved  and  color  change  and  uniformity  was  excellent.  There  was  some  evidence  of 
a  trace  amount  of  furnace  brick  refract<»ry  deposit  on  th»*  surface  of  the  powder  falso 
e.xperienccd  in  the  static  tray  runs)  but  was  easily  removed  from  the  sintered  powder  with 
a  blast  of  air.  Semiquantitative  spectrographic  analy.ses  of  the  powtier  before  and  after 
preoxidation  arc  shown  in  Talile  Vll.  Ultimately  a  solid  conveyor  belt  feed  by  a  hopper 
could  be  used.  Doth  techniques  offer  good  control  ami  quantitv. 

2.3  EXTRUSION 


Consolidation  and  primary  TMP  of  the  ODS  FeCrAlY  alloys  w'cre  accomplished  by  extrusion. 
The  preoxidized  powders  were  blended  in  a  twin  shell  blender  to  minimize  any  inliomo- 
geneities  that  could  have  occurred  and  then  loaded  into  mild  steel  e.xtrusion  capsules.  De¬ 
sign  of  the  capsule,  shown  in  Figure  6,  is  3"  in  diameter  x  -  8"  long  with  a  1  8”  to  1  4" 
thick  wall.  The  1/8"  thick  plates  at  each  emi  arc  neces.sarv  to  prevent  gas  leaking  w-hich 
could  occur  when  using  nose  and  tail  materials  made  from  slices  from  hot  rolled  steel  bar. 
The  continuous  inclusion  stringers  in  the  hot  rolled  bar  can  act  as  a  path  for  ga.s  lealuige. 

Bulk  density  of  the  powder  w'js  increased  to  about  65'  <'  of  theoretical  by  tapping  on  the  side 
of  the  container  while  loading  the  powder.  Assembly  of  the  billet  was  accomplished  by  TIG 
welding.  Final  sealing  was  performed  by  EB  w'elding  a  small  hole  at  the  rear  of  the  can 
ater  an  overnight  (at  least  16  hours)  evacuation  to  5  x  10-5  torr. 

The  FeCrAlY  powder  billets  were  extruded  on  a  700  ton  press  at  Wright  Patterson  Air 
Force  Base  in  Dayton,  Ohio.  The  c.xtrusions  w'cre  push^  at  1650®  to  1750®F  at  a  16:1 
reduction  in  area  to  3/4"  diameter  rod.  Appearance  of  the  rods  was  good.  They  w'cre 
straight  and  had  no  external  cracks.  Sectioning  the  rotfs  at  several  locations  determined 
the  FeCrAlY  core  to  be  sound  and  of  good  configuration:  the  cross  section  was  round  with 
a  uniform  mild  steel  jacket  appro.ximately  0.060"  thick  and  there  was  no  apparent  variation 
in  uniformity  along  the  length. 
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Dcnsitv  of  the  FeCrAlY  core  averufied  7.034  cr.  Theoretical  density  of  the  ODS 
FeCrAlY  is  unknown  but  metalloKraphic  examination  indicatcKi  there  vias  no  porosity 
present. 

The  miCrostructures  of  th<“  extruded  2062  and  2562  alloys  can  be  seen  in  Fixture  7. 
Transverse  and  longitudinal  views  are  shown  at  500  times  their  actual  si/e.  Both  com¬ 
positions  have  imilar  appearance.  The  ori^tinallv  sph«*rical  |K>wtler  [xirticles  were 
reduced  in  cross  sectional  area  and  elongated  l»v  appnjxinun^lv  16  times  k>v  <*xtrusi(jn. 

Oxide  particles  formed  during;  break-up  of  the  preoxidiz<*d  film  on  the  pc-ripliery  of  the 
particles  were  strung  out  in  the  direction  of  extrusion.  Tlwsi-  pritir  jKirticle  boundary 
oxides  which  were  formed  at  the  low  preoxutation  tem|)eratures  then  evidenttv  reacted  at 
hit'her  temperatures  with  the  yttrium  in  the  powder  to  form  a  more  stalde  and  uniform 
dispersion.  The  origin  of  the  r<*lativelv  oxi<le  free  rey.ions  in  the  material  are  not  und«T- 
stood  but  may  be  simply  the  lartvst  size  powder  p:irticl«  s.  These  re-, ions  were  prfme  hi 
primary  recrystallization  and  are  believed  to  in*  (lettradine.  to  the  strejjidh  of  the  material. 
Scanning  electron  micrc-cope  analysis  was  unsuc«‘«*ssful  in  distin',;uis[iin-.',  anv  variation  in 
chemistry  from  one  particle  to  another.  Yttrium  content  is  low  in  these  FeCrAlY  alloys 
and  is  not  readilv  detect;»ble  l»v  SKM  an.ilvsis  even  tn  ttu-  he.ivily  dispei  sioned  areas. 

Subsequent  to  extrusion,  the  materials  wi  re  bi-at  treateil  it  2400*^1  f»»r  2  hours  arul  examined 
metalloj^raphicallv  for  exa',;i'.erate<l  -^rain  i:row1h.  M.icro  i  trhini’  ttie  FeCrAlY  in  HCI. 

^2^2  solution  revealed  no  ^rain  growth  response.  Then-fore,  secondary  TMP  workin-.- 
techniques  were  necessary  to  produce  the  desired  larye  •  lon<.';ite<i  t-rains. 

2.4  non  KOLLINC 

A  rod  rolling  study  was  conductetl  to  establish  rolling,  fempirature  aiul  amount  of  reduction 
necessary  to  pro<iuce  the  desiretl  j^'rain  ‘.-rowth  in  a  sulisequeni  recrystallization  treatment. 
Alloys  1562,  2062  and  2562  all  containing  4  v  o  oxide  were  nxl  rolled  at  1409"F  to  a  total 
of  60'c  reduction  in  area.  Rolling  was  pi*rformed  with  the  FeCrAlY  core  still  in  the  mild 
steel  extrusion  jacket.  The  material  was  minced  10  eacii  pass,  rotatim.'  the  rod  90' 
between  passes.  Attempts  to  rod  roll  the  FeCrAlY  witho-il  tfie  iiuld  steel  lacKet  or  in- 
scrf..tt;  into  stainless  steel  tubim;  proved  unsuccessful.  The  alloy  suffered  surface  ci  .ickiiu- 
and  recrystallized  to  a  duplex  i;raln  structure;  i.  e. ,  small  crains  near  the  surface  and 
lar^e  near  the  center.  The  cladding  helped  to  retain  the  heat  and  also  aclt-d  as  a  lubricant 
which  promoted  a  more  uniform  strain  in  the  lati-ral  direction.  Small  section.-  approxi¬ 
mately  3/  4”  Ion"  were  removed  from  the  riKl  at  20  and  40  reduction  levels. 

All  three  reduction  levels  were  heated  at  2400®  F  for  2  hours  to  check  for  recrvstalli/ation 
response.  Virtually  all  samples  e.xhibited  the  desired  "rowth.  The  results  are  shoyni 
photographically  in  Figure  8.  The  grain  size  varies  as  a  function  of  percent  retiuction  .ind 
chromium  content.  The  higher  the  reductio»;,  thi*  smaller  the  grain  size,  Tiu-  higher  the 
chromium  content  the  smaller  the  grain  size. 

Additional  rod  rolling  experiments  determined  good  recrystallization  response  for  a  20 
reduction  could  be  achieved  in  Alloy  1562  by  rolling  at  1500®F,  Alloy  2062  at  1550®F  and 
Alloy  2562  at  1600“F.  This  resulted  in  a  comparable  grain  size  for  all  three  com|x>.sitions. 
The  macrostructures  of  Alloy  2062  and  2562  specimens  are  shown  in  Figure  9.  Grain  size 
is  large,  has  a  high  aspect  ratio  and  good  uniformity  throughout  the  cross  section. 
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3. 


EVALUATION  AND  DISCUSSION 


3.1  THERMAL  STABILITY  STUDIPJS 

Iron  base  alloys  such  as  ferritic  stainless  steels,  FeCrAl  and  FeCrAlY  alloys  are  suljject 
to  low  temperature  aginp  effects.  Two  senarate  low  teniperatui  e  phases  are  involved,  » 
and  a.  Alpha  prime  is  the  Cr-rich  solid  solution  phase  that  precipitates  at  temperatures 
below  970°F.  Si^^ma,  a  nearly  equiatomi'-  Fe-Cr  phase  occurs  at  temperatures  below  1500“F. 
Both  phases  are  brittle  and  can  cause  deleterious  effects  on  ductility.  AlthfiU^h  afjinK 
studies  have  been  conducted  in  cast  and  wrought  FeCrAl Y  alloys,  the  inQuence  of  the  oxide 
particles  was  unknown.  Hence,  several  CDS  alloys  were  prepanul  and  aged  to  investigate 
the  aging  behavior  of  these  .alloys. 

3.1.1  Low  Temperature  Aging  Experiments 

Powders  of  Alloys  2062  and  2562  were  preoxidized  to  !'/•  weight  gain  and  extruded  at  1650F 
16X  in  a  single  step.  Three  foot  lengths  of  these  materials  were*  rod  rolled  as  follows: 

2062  t  4  V,  o  -  1550“F/20'7'  reduction  and  2562  .  4  v, o  -  1 600 ®F  20' 7.  These  rolling  sched¬ 
ules  were  selected  because  tiiey  yield  the  same  recrystalli/.(*d  grain  size  in  each  material. 
This  rolled  stock  was  cut  into  6"  len^dhs  and  directionally  recrvstallized  (DH)  at  approxi¬ 
mately  2500®F  using  2  inches  per  hoiu"  rate  of  travel  through  a  temperature  gradient  of 
approximately  300®F/inch,  The  resulting  nucro.structures  are  show’n  in  Figur«'  10.  Grains 
approximately  1/8”  in  diameter  traversed  the  entire  length  of  the  sample.  Coin  shaped 
.specimens  were  cut  from  the  6”  long  bars  and  the.se,  along  with  theremaining  lengths  or  bar 
were  used  in  the  aging  study.  In  addition  to  DR  2062  .  4  v,  o  and  DR  2562  .  4  v  o.  coin 
shaped  specimens  of  cast  and  wrought  Alloys  1541  and  2541  were  also  u.sed  in  the  study.  In 
order  to  determine  the  inQuence  of  starting  microstructure,  as-rod-rolb'd  specimens  of 
Alloys  2562  +  4  v/o  and  20C2  *  4  v  o  and  as-e.\truded  1562  •  4  v  o  were  also  «'xi)o.sed  in  llie 
aging  study.  Chemistries  of  all  starting  materials  are  given  in  Table  VIll. 

Aging  exijosuros  were  conducted  in  n’  and  o  regions  of  tlu*  phase  diagram  slmwn  in  Figure 
ll(l).  Rockwell  C  hardness  mea.surements  were  taken  on  samples  of  all  alloys  after  various 
exposure  times  at  842  and  1025'’F.  These  data  are  shoum  graphically  in  Figures  12  and  13 
and  Tables  IX  and  X.  As  is  shown  in  the  grajjhs,  »’  precipitation  caused  an  appreciabli' 
increase  in  hardness.  E.xposure  in  the  a  regum  at  1025®F  on  the  other  hand,  produced  onlv 
small  changes  in  hardness.  After  1000  hours  e.x|xisure,  the  increase  in  hardness  due  to 
was  largest  in  the  25'’()  Cr  alloys  and  varied  directly  witli  Cr  content.  Conventiomil  cast  and 
wrought  alloys  also  showed  this  same  effect  of  Cr  on  hardness  after  aging.  Tl\e  hardness 
increase  experienced  in  1000  hours  at  842”F  was  larger  in  tiu'  conventional  alloys  than  in 
tfio  ODS  alloys  of  comparable  Cr  content.  Thus  the  ODS  2562  alloy  showed  an  Increase  in 
Rg  hardness  of  14  while  the  2541  alloy  increa.sed  by  23.  Alloys  with  15'V'  Cf  .showed  the 
.same  trend:  1.  e. ,  ODS  1562  increased  by  10  while  1541  Increased  by  16  units  of  R^.  hardness. 
Starting  microstructuro  also  played  a  role  in  hardness  changes  at  842“F  as  can  be  dtHluee<t 
from  T;\l>lo  IX  by  comparing  the  data  from  DR  aixl  rod  rolled  specimens  at  constant  ('r 
levels.  Changes  in  hardness  were  largest  In  the  large  grained  DR  alloys.  This  tnay  have 
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been  due  to  concurrent  recovery  in  tlie  fine  strained  rod-rolled  alloys  since  they  contained 
stored  oner[!,y  from  the  rolling  process. 

Samples  of  each  of  the  ODS  alloys  were  taken  after  500  hours  a^jin^  at  both  and  o  forming 
temperatures  for  use  in  a  solutioninj;  study.  Solutionin]>.  of  the  precipitate  formed  durine, 
the  500-hour  aRinf;  cycle  v^^s  attempted  at  1200°,  1300°,  1400"  and  2000"?'.  Hardness  after 
varyinp  lengths  of  time  at  each  of  these  temperatures  is  Riven  in  Tables  XI  and  XII.  These 
data  reveal  that  a  dramatic  reduction  in  hardness  occurs  in  sp<‘cimens  containinR  y  (aeefi 
at  842°F)  after  only  5  minutes  exposure  at  temp<-ralures  as  low  as  1200°?'.  No  additional 
decrease  in  hardness  is  ol)serv('d  aff  ■  lont'cr  r'xposure  limes  at  1200°?'  up  to  1  hour. 

This  same  trend  is  seen  at  botli  1300"?'  and  at  1400‘'?'.  Aft«‘r  st)lulionme.  (he  y  at  1400  'F 
for  17  hours,  the  hardness  loss  is  the  saim*  as  that  seen  after  1200"?'  5  min.  exposure. 
Furthermore,  this  hardness  value  is  sliRlitly  liir.her  than  that  of  the  unaued  allov,  indicatinv, 
thpt  either  another  j)recipitate  is  forming  or  that  tt*e  is  not  completelv  solid ionefl.  Wtien 
the  solution  ex-posure  is  increased  in  severity  to  2000"?'  for  20  hours,  the  hardness  returns 
to  that  of  the  alloy  prior  to  aRijiR. 

Alloys  which  were  ae.ed  in  the  o  region  at  1025“?'  for  500  hnur'^  showed  verv  Idlle  harttenin;’,. 
Increases  of  1.  2  and  4  units  of  11^.  luirdness  were  observt  d  in  ODS  Allo’. s  1.502  .ind  2502 
respectively.  No  clianpe  in  thest'  hardiu'ss  values  were  ohtatned  after  soluliomtu',  for  ap  to 
1  hour  at  1200°  and  1300°F  or  at  1400°F  for  17  hours,  A  solution  tn  .ilment  at  2000  F  for 
20  hours  was  URain  effective  in  n-duciiie,  the  liardness  to  its  pn  -.i.  c  level. 

Both  the  solutioniiiR  and  apiiiit  temperatures  are  marked  on  the  [ih.isi*  diae.ram  of  Figure  11 
at  the  appropriate  Cr  contimt.  The  diagram  shown  is  one  of  several  pn  sonted  b;  Willi.ims 
(5).  The  Q  y  ,  y  phase  boundary  is  modified  for  4  Al  eoni.  uls  .iccordinu  to  WuKusick*'’'. 
After  aRinn  at  842°F  and  .solid ion itiR  at  1200“,  1300“  and  1400“?'.  the  .specimen  exhibit. -d 
residual  hardeniuR  w'hich  disappeared  after  2000'  ?'  20  hours  eximsure.  Since  these 
solutioninR  temperatures  are  outside  the  y  .  cr  phase  field,  this  residual  hardening,  mav  not 
be  attributable  to  cr  formation.  Grobner^'^*  reportiwl  slii.ht  hardeiiiiiu  in  .in  ?'.'-lHCr  allov 
after  aRinR  al  1000°F  which  he  attributed  to  the  formation  of  Cr^;}  tC.  N'r,.  Although  tiie 
ODS  alloys  are  low  in  C  and  N,  (-,.02'.’  total)  the  total  volume  friictton  of  cat bonr.r i.l.  th.d 
could  form  is  approximately  0.4  v, o  and  this  amount  of  prectpd.de  couUl  cans.-  the  observed 
hardeninR.  ODS  alloys  aRcd  at  1025°F  for  times  uj)  to  1000  hours  exnibded  the  s.im.'  level 
of  hardeninR  as  the  residual  liardeninR  just  disciisseil. 

Electron  microscopy  and  scannitiR  electron  microscope  (SEM)  techniques  were  uiili.'.evl  t.> 
determine  the  propcn.sity  and  nature  of  the  precipitates  encountered  as  wi>ll  as  to  observ. 
the  morpholoRy  and  distrilnition  of  the  stable  oxide  disper.soid  phase.  The  .samples  s.'leeted 
for  the  initial  inve.stiRations  were  ODS  2002  and  2502  alloys  iti  the  atmealed  .itul  the  aca'd 
conditions;  DR;  aRed  500  hours  at  842°F:  URed  500  hours  at  1025  ?'.  The  .satuples  were 
prepared  by  metalloRraphic  polishinR  with  Linde  B  AI2O3  cotnpoutul  at\.!  followed  by  el.'ctro- 
pollshinR.  Preferential  attack  on  the  precipitated  phase  in  the  spi'cimens  aped  al  the  8  I'J  F 
\a')  temperature  prevented  the  study  of  lho.se  materials.  The  electron  photomieroRcaphs 
are  shown  in  FiRurcs  14  and  15.  Ailoy  2502  e.xhibited  a  rraln  boundary  preclpitat.'  in  Uu- 
DR  condition,  while  2002  did  not.  Both  alloys  aped  in  the  .» Iiunperature  ranc.e  contained  ,i 
Rraln  boundary  precipitate  which  occurred  mainly  in  the  rcRions  which  containe.i  a  relativ.'lv 
.spar.se  oxide  dispersion. 
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In  the  extrusion  and  secondary  TMP  of  these  materials  the  spherical  preoxidized  particles 
were  elonpited  to  long  rod  like  shapes.  The  oxide  film  was  fragmented  and  distributed 
alonij  these  oriented  powder  particles  and  boundaries  K^^ve  rise  to  hinh  density  discontinuous 
oxide  stringers  between  matinf:  particles.  During  subsequent  hitdi  temperature  exposures 
the  FegY  phase  in  the  powder  particles  reacted  with  the  Al^Og  particles  and  converted  to  a 
more  complex  oxide.  This  will  be  discussed  in  more  detail  in  the  Phase  Identification 
Section.  A  sii^nificant  percentay;e  of  these  jjowder  iKirticles,  for  some  unknown  reason, 
remained  clear  of  oxide.  This  mi^ht  liave  been  caused  by  vi'ry  lt)w  concentrations  of  yttrium. 
It  was  these  clear  recfions  that  were  not  converted  to  tin*  desire<l  coarse  elongated  grains. 

In  addition,  the  precipitate  w.is  d«'tected  in  the  j^rain  l)<»undaric's  of  the*  unconverted  fine 
grains.  The  hi);h  density  oxid('  rej^ions  seemed  to  retard  l)otti  the  undesirable  retention  of 
fine  ^^rains  and  a';e  hardening. 

A  SEM  investigation  was  performed  on  the  2562  .  4  v  <>  alloy  exposed  at  1025°F  for  500 
hours.  Photomicroi’.raphs  of  the  j;rain  boundary  precipitate  phase  and  EDAX  analysis  are 
shown  in  Figures  16  ami  17,  C'onsistent  with  the  modified  Cr-Fe  diat^ram  presemted  in 
Fii^uro  11.  tlie  precipitate  w.is  det(*rmined  t«i  l»t“  Si^ma,  a  iiearlv  c‘f|uiatomic  Fe-Cr  com¬ 
position.  Tliis  finding  doi's  not.  however,  explain  the  retaim‘d  hardness  after  the  1200“  to 
1400°F  solution  treatments. 

To  establi.sh  the  effects  of  the  afiinft  troatments  on  the  ODS  FeCrAlY,  tensile  tests  were 
conducted  at  RT,  500®,  1900®  and  2100“F.  Alloys  2062  and  2562  were  e\”>luat('cl  in  three 
material  conditions:  (1)  DR  (fully  aniu  aled);  (21  DR  and  a’  aned;  (.1'  DR  and  rt  at’.ed.  The 
test  results  are  presented  in  Table  XIII  and  Fi^uiM's  IH  ;md  19.  The  RT  tensile  pi'operlies 
for  two  vane  allovs,  X-40  and  MM509.  are  shown  for  comparis(m. 

In  the  DR  condition  botli  2062  and  2562  are  .stronger  at  RT  than  .X-40  and  MM509  and  their 
ductility  is  at  least  as  ^ockI.  In  tlie  V  iHU'd  condition  there  is  a  45  increase  in  strength  at 
RT  for  both  2062  and  2562  over  the  as- DR  condition.  The  ai’«>d  Alloy  2562  at  500 “F 
maintained  a  41'i’  inertase  in  strength  while  Allov  2062  fell  to  onlv  12  increase.  Ro<'i:i 
temperature  .uul  500®  F  testin'.':  of  tin*  a  ay.ed  Alloy  2062  showed  very  little  difference  in 
strength  when  compared  to  the  initial  DR  condition.  .Alloy  2562.  however,  ileereasod  .v!»oat 
7  I'  at  both  temperatures.  All  FeCrAlA'  conditions  seem  to  have  at  least  marcinally.  ductility 
ran^ini;  from  1.4'i'  elon^^ation  at  RT  in  the  a};ed  condition  to  17.  -  at  1900®F  in  the  DR 
condition.  The  MM509  alloy  is  considered  acceptable  for  vane  applications  at  the  1.5  to 
5.  5''('  elongation  level. 

3.2  Sill  FACE  STADILITY  .STUDIES 

Although  early  work  in  the  FeCrAlY  family  of  alloy.s^^^  indicated  that  Cr  level.s  from  15  to 
25  w/o  yielded  oulstandint;  oxicl.ition  resistance,  subsequent  witrk  bv  SU>tl(*J'  shtoved  tltat  at 
low  Cr  levels,  the  iUloys  were  susceptible  to  break  away  oxitlation.  This  phenomenon  was 
found  in  the  Nl,  Co  and  Fe  base  MCrAlY  alloys  wltlch  were  low  in  Cr  content.  Sporadte. 
rapid  oxidation  rates  were  observed  In  such  alloys  as  a  result  of  the  fort»\aiion  t>f  o.xides 
otlter  than  the  protective  AI2O3  type.  In  cases  where  break  away  t^sidatiott  wa.s  observe.t  m 
Fi'CrAl,  the  other  scale  formetl  was  F03O.P  An  inner' seale  t>f  cotttplex  Cr203,  Fejt,)^  .tnd 
AI2O3  (txides  rc.sulted  from  rapid  Internal  oxidation.  The  tteeurrenees  of  lovak  away  exi- 
datlon  found  previously  In  some  IS'e  Cr  FeCrAlY  |Mn\xter,s  wus  thouv\hl  lobe  attributable  to 
llte  very  hljth  surface  to  volume  ratio  found  In  these  powxters.  The  oeeurrenees  of  thi.s 
phenomenon  In  |)owdor  has  raised  eoneorn  uith  regard  to  nppUeation  where  surfaee  eoti' 
lamination  of  Fe  nr  Fe304  mlpht  tnlllate  the  pheiunnenon.  An  example  of  break  a\\\u 
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oxidation  on  a  piece  of  ODS  1562  . 060"  sheet  material  after  an  exposure  of  approximately 
100  hours  at  2400*F  is  shown  in  FlRure  20.  As  a  resuU  of  this  concern,  a  tes*^  orocedure 
was  devised  and  candidate  Alloys  1562,  2062  and  2562  were  evaluated  for  resi.'.L»4nce  to 
break  away  oxidation  wtiich  was  intentionally  initiated  liy  surface  contamination.  Thus  this 
test  measured  healing  cajKicity  of  the  alloy  in  the  situation  where  localized  inhoniogonictics 
or  surface  contamination  might  initiate  this  unusual  l>ehavior.  Specifically,  the  tests  used 
specimens  prepared  from  extruded  rotls  of  approximately  0.7"  diameter  which  had  a  mild 
steel  cladding  of  about  0.025"  remaining  on  the  FeCrAlY  ef)r('.  The  cladded  specimens 
were  subjecteti  to  an  exjiosure  of  2400'’F  in  air  for  70  hours.  The  mild  steed  jacket  initiated 
tl»e  Fe304  rapid  oxidation,  which  progressed  to  the  core/clad  inte'rface.  In  tijose  alloys 
which  were  resistant  to  l)reak  away  oxielation,  the  attack  was  halti*d  at  the  intirrface  by  the 
formation  of  an  internal  AI2O3  scale.  As  can  be*  see*n  fre)m  Table*  XIV  and  Figure  21,  the 
two  1562  (  4  v/o  oxide  alloys  suffered  severe  attack,  fairly  general  in  nature  with  metal 
loss  of  up  to  0.  150  inches.  The  2062  t  4  v/e>  e)xide*  alleiv  ete*me>rislrale;el  ge>e)el  resistance  with 
only  isolated  attack,  approximately  0.070”  penetratiem.  anel  in  gewxl  agree*ment  witti  Stott's 
observation  on  the  inQuence  of  Cr,  the  high  Cr  2562  .  4  v,e)  alleiv  sheiweid  excerllent  re¬ 
sistance'.  Although  0.010"  of  metal  was  lost  in  Alloy  2562,  it  se*e*ms  preibable  that  at  least 
p;irt  of  that  amount  w.is  attributable  to  loss  in  Cr  due  to  intereiiffusion  lu'twi'en  the  mild 
.steel  cladding  and  the  F»*CrAlY  eore  during  TMP 

The  oxidation  resistance*  of  2062  and  2562  alloys  cemtaining  4  v  o  oxide*  was  investi*.*.ali*el  .it 
2200®F  and  2400“F  in  .static  air  for  ex]ie)sure  up  te»  500  heiurs,  Som  .s|)e'einu'ns  were  thermal 
cycled  and  weighed  after  each  100  heiurs  while*  e»the*rs  we*re*  e'xi)osi*il  uninle*rrupte‘el.  Con¬ 
ventional  cast  and  WTeiuglil  Alloys  1541  aiul  2541  we*re  ine'luctt*el  feir  e*eimparise>n.  The  ODS 
samples  were*  prepare'd  from  roet  rolle*el  aiiei  elire*e*tie*nallv  re*ervstaUi/.e*el  materials,  greunul 
thru  600  grit  silicon  carbide  papers  tei  a  shape  approximalelv  0,  55"  eli.i,  x  0. 1*5"  thie'k.  The 
cast  and  wrought  alloys  were  pre*pare'el  from  heit  reille-d  plate*  in  similar  fashion. 

The  tost  results  for  the  2200" F  eixidatiein  exjieisures,  in  Table  XV,  show  that  w«  u  ht  changes 
in  the  ODS  alloys  were*  ne'arly  I'eiulvaU'nt  tei  the  eonventteinal  e*ast  aiul  wrought  allovs.  Also 
showm  are  the  effects  of  (lie*rmal  eveling.  em  the  oxiele*  aetiiori'iiee*,  Dv  visual  inspeotimi  it  w*a> 
determined  that  the*re  was  meire  total  spallation  in  Hu*  sample's  eveleel  each  100  h»»urs  tluiu 
in  the  uninterrupted  spe*elmen  which  spalle*ei  in  the*  final  eoe»l  etown. 

The  test  re.sult8  for  oxieiatlon  at  2400" F  are*  .shown  in  Table  XVI.  Alter  long  tunes  at  this 
temperature,  distinct  dlffere*nee*s  In  oxietUiem  behavletr  bet we'»*n  east  aiul  wnmght  ami  ODS 
alloys  wore  evident.  The*  .spalling  re'slstanee  of  Hu*  ea.st  ami  wreiught  aliens  was  .sinwrior 
lo  that  of  the  ODS  alleiys  hut  this  be'liavien*  wtus  aeeetmpanleil  bv  a  r»'lallve*lv  ek  ep  niter- 
granular  oxide  penetration  which  was  absent  in  the  OI>S  alb»\s.  It  is  conceivable  that  lu 
thin  seetlons  this  Interitranular  peiu'trallon  would  degrade  .strength  ami  itnelditv,  rh.'te» 
graphs  of  the  oxidation  spe*elme’ns  afle*r  le.sling  are  .shown  in  Figure  22. 

3.3  DinRCTIONAL  RKCHYSTM.l.r/.ATION  STlll>ll*\S 

The  Mtrengtli  oxide  <llH|H*rHion  slrenglbened  nllovn  Is  exiretnelv  senultlve  to  mU  reividr'H'- 
turnl  vnrlatlniiM  Hitch  ns  grain  Hire,  grain  Hliajn'  and  lextnre.  In  an  eWiirt  lo  gain  hsrlhetr 
uiulurHtandlng  and  grealer  eonlrol  of  lliln  effeel,  a  dU'eellomd  rivrvHUdU^alMi  Himly  wia» 
ittuluiTuken. 
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3.  3. 1  Equipment 

The  directional  recrystallization  (DR)  technique  requires  that  the  recrystallization  process 
be  controlled  by  passing  unrecrystallized  material,  with  suitable  starting  microstructure, 
through  a  steep  temperature  gradient  at  a  controlled  rate.  In  order  to  achieve  this  experi¬ 
mentally,  a  heat  source  was  positioned  as  close  as  possible  to  a  heat  sink,  and  the  specimen 
was  passed  in  a  longitudinal  direction  from  the  heat  sink  into  the  heat  source.  Under  the 
proper  conditions,  new  grains  were  formed  initially  in  the  hot  zone  and  grew  in  an  opposite 
direction  to  the  motion  of  the  specimen.  The  Urst  grams  to  form  were  rclativelv  oquiaxed 
but  the  steep  temperature  gradient  suppressed  nuclealif)n  r>f  new  grains  and  encouraged 
growth  competition  among  existing  grains.  Those  grains  with  the  highest  boundary  mobility 
grew  at  the  expense  of  those  with  less  mobile  boundaries.  As  the  specimen  traversed  the 
gradient,  the  grain  size  increased  to  a  maximum  size  which  depended  nr)t  onlv  on  the 
structure  of  the  starting  material,  but  also  on  several  DR  process  parameters.  These 
included  steepness  of  the  temperature  gradient,  rale  of  movement  of  the  .specimen,  and 
orientation  with  respect  to  the  working  direction. 

A  schematic  of  the  equipment  used  to  produce  this  structure  is  shown  in  Figure  23,  where 
the  three  principal  parts  of  the  apparatus  may  bo  seen  quite  distinctly.  These  include: 

(1)  heat  source  -  a  flat  induction  coil:  (2)  heat  sink  -  :i  water  cooled  Cu  chill  block:  (3) 
specimen  motion  control  -  in  this  case  a  varialile  speed  motor  was  used  to  drive  a  gear 
train  which  translated  rotational  motion  to  lateral  nudion.  Lateral  speeds  achierable  varied 
fromfrom  0.  01  in/hour  to  150  in.  /hour,  .\l.so  shown  in  the  schematic  is  an  insulator  which 
prevented  arcing  between  the  coil  and  the  chill  block.  Ttic*  specimen  liot  zone  is  shown  as 
the  shaded  region  immediately  adjacent  to  the  induction  euil.  The  atmosphere  surrounding 
the  hot  zone  was  either  air  nr  flowing  argon  (commercial  gr:uh'i  which  was  contained  by  a 
quartz  tube.  The  450  KCPS  10  KW  power  supply  wm.s  controlled  by  an  ireon  optical  tempera¬ 
ture  monitor  and  control  and  an  optical  pyrometer  was  used  for  temperature  mea.suroments. 

3.3.2  Material  Preparation 

Alloy  1562  +  4  v/o  oxide  was  extruded  at  1750®F  using  a  16:1  reduction  ratio  and  this 
rectangular  billet  was  subsequently  isothermally  forged  at  llb0“F/20'a'  in  the  short  trans¬ 
verse  direction.  When  furnace  recrystallized  at  2400''F  2  hours,  large  elongated  grains 
were  formed.  Pronounced  anisotropy  in  grain  boundary  mobility  was  etidenced  by  the  fact 
that  the  grains  had  typical  dimensions  of;  1  =  15mm,  w  ^  4mm,  t  -  0.  7mm.  In  order  to 
investigate  the  DR  response  of  this  material,  specimens  were  machined  from  unrecrystal¬ 
lized  or  ''as-isothermal  forged"  material.  Each  of  these  specimens  had  different  orienta¬ 
tions  in  the  original  rectangular  extrusion.  Specimen  A  was  prepared  so  that  its  longitu¬ 
dinal  axis  was  parallel  to  the  extrusion  direction.  Specimens  of  the  B  orientation  were 
prepared  with  longitudinal  axis  in  the  long  transverse  direction,  and  specimens  with  the  C 
orientation  were  taken  in  the  short  transverse  direction.  These  orientations  are  shown  in 
Figure  24. 

3.3.3  Results 

Directional  recrystallization  was  performed  on  each  of  these  materials  as  is  shown  in 
Figure  24  using  the  DR  parameters  listed  in  Table  XVIL  Typical  grain  dimensions, 
specimen  sizes  and  corresponding  DR  parameters  are  also  given  In  Table  XVIL  In  the 
longitudinal  and  long  transverse  specimen,  grain  length  was  limited  by  specimen  length, 
while  in  the  short  transverse  specimen,  grains  did  not  traverse  the  hill  length  of  the 
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specimen.  A  sketch  of  the  microstructures  achieved  in  each  of  the  three  cases  is  also 
shown  in  Figure  24.  As  may  be  seen  from  the  grain  size  results,  grain  boundary  mobility 
was  apparently  anisotropic  and  in  both  the  longitudinal  and  long  transverse  directions  was 
considerably  higher  than  in  the  short  transverse. 

Crystallographic  orientation  of  these  specimens  has  been  completed  and  those  results  are 
shown  in  Figure  24.  In  specimen  A,  wliich  w:is  cut  parallel  to  the  extrusion  direction  and 
also  DR  processed  in  this  same  direction,  the  longitudinal  axis  was  found  to  be  parallel 
to  the  [110].  Laue  back  reflection  photos  of  sLx  different  gi-ains  indicated  that  all  were 
oriented  within  2®  of  each  other  and  the  |110|  in  each  w;is  v/ithin  2®  of  the  longitudinal  axis. 

Specimen  B  of  Figure  24  was  cut  and  DR  processed  in  the  Itmg  transverse  direction.  Laue 
back  reflection  paotos  of  all  three  of  the  grains  contained  in  the  cross  section  indicated  that 
the  specimen  axis  was  within  apiiroximatcly  3®  of  [111|  in  each.  In  tne  short  transverse 
specimen  C,  only  the  two  end  grains  were  analyzed.  Tlie  specimen  axis  was  parallel  to  the 
[110]  in  one  grain  and  to  the  |  111  |  in  the  other.  The  as-«“Xtru(led  bar  wnis  analyzed  for  tex¬ 
ture  both  by  Laue  transmission  and  on  a  diffractom«“ter  using  Ni  filtered  Cu  radiation.  It 
was  found  that  the  alloy  contained  a  1110|  filler  texture  and  lliat  approximately  50  '  of  the 
material  contained  an  orientation  sucli  tliat  [110|  \ras  within  11®  of  the  extrusion  direction. 

3.3.4  Stress-Rupture  Evaluation 

Stress-rupture  properties  were  determined  for  the  three  DR  conditions  using  small  button 
head  specimens,  0. 187”  diameter  x  1.  4”  long,  were  step  load  tested  at  2000®F  in  air.  The 
longitudinal  and  long-transverse  DR  specimens  had  a  gage  section  0. 1"  in  diameter  x  0.  50” 
in  length.  Because  of  limited  material  thickness  (0.6”)  the  short  transverse  specimens 
were  modified  to  0. 1”  diameter  by  0.  25"  long.  To  facilitate  the  testing  i  f  these  short 
sections  they  were  made  longer  by  brazing  longitudinally  DR  2062  alloy  extensions  onto  each 
end.  Joining  was  performed  at  2550®F  in  v^acuum  using  0.005”  thick  Ilastellov  X  sheet  as  the 
braze  alloy. 

The  stress-nature  test  results  are  reported  in  Table  XVIII.  Sulisequent  to  testing  tlu' 
specimens  were  ground  longitudinally,  macroetclieil  and  are  shovni  photographically  in 
Figures  25  and  26.  The  short  transverse  .specimens  C  (No.'s  20-23)  contained  numerous 
grain  boundaries  oriented  perpendicular  to  the  stress  axis.  Specimen  No,  23  recrystalliztxi 
to  a  much  larger  grain  size  than  did  the  otiiers  luit  still  contained  some  short  transverse 
boundaries  running  the  full  width  of  the  gage.  The  braze  joints  are  localt'd  just  inside  the 
threaded  regions  as  can  be  seen  in  Figure  25. 

The  short  transverse  was  found  to  be  the  weakest  direction  and  consistently  failed  in  short 
times  at  2.0  ksi.  In  this  direction  both  (he  transver.se  grain  boundaries  and  the  micro- 
structural  defects  are  aligned  in  the  worst  directitm.  As  can  be  seen  in  the  photographs, 
failure  occurred  in  the  grain  boundaries  which  are  the  most  detrimmUal  defects.  The  t\w 
long-transverse  specimens,  B,  contained  no  boundaries.  Roth  specimens  failed  at  the  5,0 
ksi  level  during  a  step  loading  .stress  rupture  test. 

The  specimen  from  the  longitudinal  direction  (No.  4)  wtts  prepared  from  an  isothermally 
forged  rectangular  bar  that  was  upset '.it  1150®F  to  a  30''('>  reduction  in  ihicknes.s.  This 
specimen  was  rocrystalUzed  in  a  box  furnace  at  2‘100®F  for  2  hours  rather  than  DR,  The 
specimen  grew  relatively  small  grains  l)ut  these  had  a  hlgii  aspect  ratio.  In  the  step-Uwdi'd 
rupture  test  at  2000®F  specimen  4  failed  alter  1. 5  hours  at  6. 5  ksi.  Hence,  own  though 
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this  specimen  had  a  fine  grain  size  and  grain  boundaries  transverse  to  the  stress  axis,  it 
was  considerably  stronger  than  the  long  transverse  B  specimen  which  had  no  boundaries 
transverse  to  the  rupture  stress  axis.  These  results  indicate  that  either  the  oxide  stringers 
or  the  difference  in  crystallographic  orientation  which  was  [110|  for  the  A-type  specimen 
and  fill]  for  the  B  type  caused  a  decrease  in  strength. 

As  was  anticipated,  the  type  C  short  transverse  specimen,  with  its  numerous  grain  bound¬ 
aries  and  oxide  layers  was  the  weakest  material  of  the  three. 

3.4  STRESS-RUPTURE  STUDIES 

The  largest  contributors  to  strength  are  believed  to  be  grain  size  and  shape,  dispersoid 
content  and  texture.  Test  results  showing  the  effect  of  grain  size  are  presented  in  Table 
XJX  and  Figure  27.  Stress-rupture  testing*  was  performed  at  2000‘’F  using  step  load 
techniques.  The  2562  +  4  v/o  oxide  specimen  (No.  14)  in  the  aiirecrv-slallizcd  condition, 
initially  loaded  at  2.  0  ksi  failed  after  6.  4  hours  at  2.  5  k.si.  A  furnace  recrystallizcd  1562 
+  4  v/o  oxide  specimen  (No.  5)  with  0.  1"  long  grains  was  initially  loaned  at  3.  5  k.si  and 
broke  after  4.0  hours  at  6.  0  ksi.  Another  furnace  recrvstalli/.ed  1502  •  4  v  o  oxide  speci¬ 
men  (No,  4)  with  0.  2”  long  grains  reached  6,  5  ksi  for  1.  4  hours  before  failing.  A  third 
1562  *  4  v/o  oxide  specimen  was  fabricated  from  a  three-inch  long  dir<‘ttionally  recrystal¬ 
lized  rod  with  the  grains  running  the  full  length.  This  test  specimen  (No.  2)  contained  no 
transverse  grain  boundaries  and  was  initially  tested  at  6.  5  k.si  for  500.  G  hoars.  .As  the 
data  indicates  there  is  a  very  dramatic  iniprovoment  in  .strength  with  increasing  grain 
size. 

A  stress-rupture  property  study  was  conducted  on  ODS  Fc^CrAlY  alloys  witli  the  higher 
chromium  content:  2062  and  2562,  both  containing  4  v  o  oxide.  The  extrusion,  TMP  and 
DR  of  these  alloys  were  performed  as  described  in  the  Thermal  Stability  Studies  Section 
this  report.  The  alloy  chemistries  are  shown  in  Table  VIB.  The  stress-rupture  test 
results  are  presented  In  Table  XX  and  Figure  28. 

The  2562  *■  4  v/o  oxide  alloy  demonstrated  strengths  for  short  times  (112  hours  or  less)  of 

7.5  ksi  at  19<>0“F,  7.0  ksi  at  2000'F  and  6,5  ksi  at  2100“F.  Most  of  the  2062  +  4  v/o  o.xide 

stress-rupture  specimens  are  still  running,  making  it  difficult  to  assess  the  strength,  but 
based  on  the  two  foiled  specimens  it  appears  it  will  be  somewhat  lower  than  the  2562  -  4  v  o 
oxide  alloy.  This  difference  in  strength  was  not  anticipated  and  is  not  considered  to  be 
attributable  to  the  variation  in  chrome  content.  Previous  te.sting  of  the  1562  4  v  b  oxide 

alloy  exhibited  strengths  as  high  as  8.  0  ksi.  Possibly  this  difference  is  reflected  in  the 
vacuum  fusion  results  shown  in  Table  VTII.  The  2562  +  4  v,  o  oxide  alloy  analyzed  at  1. 1881  / 
oiQfgen  and  the  2062  +  4  v/o  oxide  alloy  at  0. 9077‘b  oxygen.  This  is  a  30*^  difference  in 
oxide  content  and  might  explain  the  variation  in  stren^h. 


'^Button  head  specimens  0. 178"  in  diameter  x  1. 4"  long  with  a  0. 1"  diameter  x  0. 5"  long 
gage  section  were  used  throughout  this  program.  Thermocouples  were  wired  to  the  gage 
for  temperature  control  and  stress  was  applied  using  direct  loading  techniques. 
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To  determine  the  effects  of  high  temperature  long  time  exposures  on  the  strength  properties 
of  these  alloys,  specimens  were  heated  for  100  hours  at  2200®F  and  2400°F  in  air  prior  to 
stress-rupture  testing.  The  test  results  are  shown  in  Table  XXl.  The  data  is  plotted  in 
comparison  with  the  as-directionallv  rccrystallized  alloys  and  shown  in  Figure  29.  With 
the  exception  of  the  2562  •  4  v/o  oxide  alloy,  specimen  heated  at  2200°F  for  100  hours  both 
alloys  suffered  losses  in  strength  at  a  constant  Larsen  Miller  parameter.  The  2562  ^  4  v/o 
oxide  alloy  heat  treated  at  2400° F  for  100  hours  showed  a  tlocrease  of  about  20  r.  The 
2062  +  4  v/o  oxide  alloy  specimen  heal  treated  at  2200" F  and  2400°F  for  100  hours  showed 
losses  of  at  least  30  and  25  respcctivelv. 

The  los.s  in  the  .strength  associated  with  tin*  high  temperatures  exj.-jsures  pointed  suspirireu.slv 
at  DR  temperatures.  DR  is  performed  in  a  2450-2550° F  temperature  range.  If  the  heat 
treatments  at  2200°  and  2400°F  for  100  hours  could  degrade  strenigth  maybe  tlu’  hight'r 
temperature  2559°F  DR  temperature  at  short  times  could  he  detrimental.  Seiecttnl  speci¬ 
mens  were  prepared  using  DR  temperatures  ranging  from  2450° F  down  to  2200®F  and 
tested  in  stress-rupture.  The  results  are  .showaj  in  Table  XXII  and  Figure  30.  As  can  i)e 
seen  in  Figure  30  where  the  data  is  compared  with  the  material  processed  at  the  higher  DH 
temperatures  {2450-2550°F)  there  is  no  indication  that  lower  DR  temperatures  were  iiene- 
ficial.  In  fact,  the  2062  ^  4  v  o  oxide  alloy  recrv-stallized  at  2250'’F  showed  a  lo.ss  of 
strength. 

3.5  OPTIMIZATION  OF  OXIDF  CONTENT 

An  ODS  2562  ^  6  v,  o  oxide  alloy  wiis  prepared  for  evaluation.  Atomized  powders  from 
Table  I  wore  pre-oxidized  to  1.43  w  o  oxygen  at  1225°f  fur  10.  5  hours  in  sh  .Uuw  travs 
at  a  0.2"  [wwder  depth.  The  pre-oxidized  powder  yy-i.s  eanned  in  a  3"  diameter  mild  steel 
e.xtrusion  capsule  and  extruded  at  1750 “F  and  a  16  tti  1  reduction  in  area  to  a  0.  75”  di.uMeior 
rod.  The  extruded  rod  was  sound  and  of  good  appearance.  Kecrvsiallization  re.sponse  of 
the  6  v/o  oxide  alloy  was  determined  by  inserting  a  small  section  into  a  furnace  at  2400 "’F 
for  2  hours.  Macro  etching  revealed  no  large  grains  had  formed. 

Rod  rolling  a  piece  of  the  extruded  rod  at  1500°F  to  a  20  i  reduction  in  area  and  heat 
treating  at  2400°F  for  2  hours  produced  the  desired  large  grain  structure.  The  remaining 
6"  len^h  of  the  rod  rolled  material  was  dircctionallv  recrystallized  for  evaluation.  Stress- 
ri^ture  properties  were  measured  at  2000°F  using  three  miniature  button  liead  specimens 
utilizing  the  step  load  technique.  The  test  results  arc  reported  in  Tabic  XXIII.  All  throe 
specimens  were  initially  loaded  at  6. 5  ksi  and  increased  by  0.  5  ksi  about  every  24  hours. 
Specimen  No.  17-1  failed  at  the  6.  5  ksi  level  after  16. 1  hours.  The  remaining  two  speci¬ 
mens  No.'s  17-2  and  17-3  both  reached  9.0  ksi  before  failing.  One  l.ysted  1.  3  hours  and  ihe 
other  0. 3  hours. 

As  shown  in  Figure  31  the  9.0  ksi  strength  of  the  2562  ^  6  v,  o  oxide  alloy  specimens  which 
were  rod  rolled  to  a  20%  reduction  represents  a  20%  increase  in  strength  when  compared 
to  the  average  strength  of  the  2562  t  4  v/o  oxide  alloy  also  rod  rolled  to  a  20' r  reduction. 
This  strength  level  is  90  times  that  of  the  conventional  cast  and  WTOught  FeCrAlY.  Also 
reported  in  the  Figure  31  are  the  strengths  of  TD  NiCr  sheet  and  the  density  corrected 
curve  for  the  OD6  2562  +  6  v/o  oxide  aUoy.  This  correction  is  obtained  using  a  stress 
multiplying  £u;tor  derived  by  dividing  the  density  of  the  TD  NiCr  by  the  density  of  ODS 
FeCrAlY.  With  the  density  ^lowance  the  ODS  2562  ^  6  v  o  oxide  alloy  is  stronger  than  TD 
NiCr  sheet. 


3.6  PHASE  roENTIFICATION  AND  MORPHOLOGY 


Oxide  dispersion  strengthened  FeCrAlY  alloys  prepared  analogous  to  the  SAP  approach 
contain  a  nonuniform  spatial  array  of  oxide  with  a  wide  range  of  particle  size.  Alloys 
containing  4  v/o  oxide  have  particles  nearly  spherical  in  shape  and  range  in  size  from 
<  250  A  to  >  1  micron.  The  average  particle  size  and  interparticle  spacing  is  0. 19  and 
2. 49  microns  respectively. 

Identification  of  the  oxide  phases  were  established  for  both  the  as-extruded  and  heat  treated 
conditions.  The  oxide  phases  were  extracted  electrolytically  in  a  lO'r  solution  of  HCL- 
CH3ON.  Identification  was  made  by  x-ray  diffraction.  An  2062  ♦  4  v/o  oxide  alloy  extruded 
at  16'*0°F  to  a  16:1  reduction  ratio  was  determined  to  contain  about  Y2O3,  10'^  YAIO3 
and  5%  AI2O3.  Three  alloys  (1562  +  4  v/o,  2062  4  4  v/  o,  2562  +  4  v/o  oxide)  heat  treated 
at  2400F  for  100  hours  contained  about  60T;  AI2O3.  SYgOj,  30'^  SAlgOj.  3Y2O3,  and  10' ^ 
YAIO3.  The  results  were  independent  of  alloy  composition. 

Scanning  Electron  Microscope  (SEM)  analysis  vi-as  performed  on  the  2562  .  4  v/o  oxide  alloy 
that  was  thermally  e^qxised  at  2400®  F  for  IOC  hours.  The  photographs  showing  the  micro- 
structure  and  the  Energy  Dispersion  Analysis  X-Pay  (EDAX)  results  are  presented  in 
Figure  32.  The  SEM/EDAX  results  corroborates  the  results  obtained  using  the  extraction 
technique.  The  oxide  particles  are  3rttrium  •  aluminum. 
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4.  DISCUSSION 


Two  major  problems  previously  oncounteroi!  in  the  development  of  ODS  FeCrAlY  alloy  have 
been  overcome;  surface  stability  and  ^jowder  pre-oxidation.  Oi>S  15C2  *  4  v/o  oxide  alloy 
r,-as  determined  to  suffer  ’‘brcakaw.iy"  oxidaiion  when  rxiKised  in  wrounht  form  at  verv  hit;h 
temperatures  or  in  powder  form  at  relalivolv  low  temperatures  as  shown  in  Figures  20  and 

3  respectively.  Incrcnsiiti;  the  chromium  content  to  20  '  ami  25''  virtuallv  eliminated 
"breakaway"  as  evidenced  in  Fi{;uros  4.  5.  21  and  22. 

Uniform,  controllable  pre-oxicUdion  of  powder  has  been  achieved.  In  the  past,  powder 
pre-oxidation  was  attempted  in  a  common  box  furnace  with  a  static  air  flr.w%  usin"  either 
trays  containing  the  powder  or  in  sealed  retorts  with  a  dynamic  flow  of  pure  oxv  gen  "as. 

In  the  interest  of  quantity  the  powder  depths  ranged  from  0.  6"  to  3. 5”.  When  air  was  the 
oxidizing  gas  nttrogen  contamination  oecuri  ed  at  powder  depths  of  approximately  0.  5"  and 
below.  Studies  investigating  the  oxidation  of  lh«‘  -325  mesh  |»owtler  a.s  a  function  of  powder 
depth  determined  the  safe  working  depth  to  be  al)out  0.  25  inches. 

Several  new  powder  pre-oxidation  tcchnique.s  were  est:U>lished.  G«;od  iniih)rmity  and 
reproducibility  was  Stained  in  the  static  tray  approach  where  liOwdtT  depths  were  limited 
to  0.25  inches  or  less.  For  the  preixiration  of  large  ([uantities  the  rotary  kiln  and  moving 
tray  processes  a-ere  investigated  and  endorsed.  In  the  rotary  Kiln  the  jwwdcr  is  tumbled 
during  pre-o.xidation,  continuously  e-^owsing  fre.sh  material  to  the  environment.  In  the 
moving  tray  approach  the  powder  is  .spread  in  sludluw'  trays  and  traverswl  through  the 
furnace  on  a  conveyor  system.  These  techniques  placed  all  the  powder  par  ticles  in  easy 
access  to  the  oxidizing  gas. 

Thermal  stability  of  the  006  FeCrAlY  was  investigated  in  the  intermediate  temperature 
range.  In  the  Fe-Cr  system  as  shown  in  Figure  11,  two  age  hardening  precipitates  are 
encountered;  a  nearly  equi-atomic  FcCr  phase  (a)  which  forms  at  temperatures  below' 
1500®F  and  a  chromium  rich  ferrite  phase  (^’1  that  forn  .s  below  970'F.  Experiments  were 
conducted  to  establish  the  propensity  of  the  precipitates  and  their  effects  on  properties. 

The  aging  response  is  reported  in  Tables  No.  IX  and  X  and  the  effects  on  tensile  properties 
are  reported  in  Table  Xfll.  The  malet  iais  aged  in  the  a  region  showed  only  slight  increases 
in  hardrress  and  effect  on  properties.  The  materials  aged  in  the  ^  region  increased  con¬ 
siderably  in  hardness  ranging  from  38%  for  the  15'eCr  level  to  80%  for  the  25  chrome  level 
and  showed  very  significant  increases  in  temsile  strength  at  RT  4t  the  500*F  test  tempera¬ 
ture  the  2^Cr  alloy  ncaintained  most  of  its  increased  strength.  The  increas^  strength  of 
the  20%  Cr  all<^feU  sharply.  Ductility  of  these  alloys  at  RT  dropped  from  6'c  to  3%  in  the 
20%Cr  and  to  2%  in  the  25%Cr  alloy. 

Stress-rupture  properties  were  determined  for  the  ODS  2062  +  4  v/o  oxide  and  ODS  2562  + 

4  v/o  oxide  alloys  ui  a  20%  rod  rolled  and  DR  condition  and  the  results  arc  given  in  Table 
XX.  The  short  time  strengths  at  2030®F  for  the  25%Cr  alloy  was  determined  to  be  7.  5  ksi. 
The  20%Cr  alloy  showed  strengths  somewhat  lower  than  the  25%Cr  alloy.  This  lower 
strength  was  thought  to  be  due  to  a  lower  volume  fraction  of  oxides  in  the  20%  chromium 
alloy. 


An  ODS  2562  +  6  v/t>  oxide  alloy  was  prepared  and  tested  similar  to  the  ODS  2562  +  4  v/  o_ 
oxide  alloy.  Short  time  strength  was  found  to  be  at  the  9. 0  ksi  level  and  represents  a  211  f 
increase  in  strength. 
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5.  CONCLUSIONS 


1.  Powder  pre-oxidation  of  the  ODS  FcCrAlY  alloys  ij  much  improved  with  increased 
chromium  content.  "Breakaway"  oxidation  has  been  eliminated  in  the  20''  and  25 
chromium  bearing  alloys,  both  ,  s  powder  and  bulk  alloy. 

2.  FeCrMY  -325  mesh  powilers  can  be  uniformly  pre-oxidized  in  air  without  nitro'^en 
contamination  by  limitintx  the  powder  depth  to  0. 25"  or  by  tumblintt  the  powder  during 
the  exposure. 

3.  Stress-rupture  property  studies  were  conducted  on  the  2062  *  4  v/o  oxide  and 
2562  +  4  v/o  oxide  alloys  at  1900,  2000  and  2100‘*F.  The  2562  •  4  v/o  oxide  alloy 

in  the  rod  rtdied  and  condition  possess  short  time  strengths  of  7, 5  k.-ii  at  2000 “F. 
With  allowance  for  the  difference  in  densities.  th(‘  2562  •  4  v  o  oxide  alloy  is  as 
strong  as  TD  NiCr  sheet. 

4.  The  effects  of  2200“F  and  2400°F  exposure  for  100  hours  in  air  were  determined 
on  the  stress-rupture  strengths  of  the  2062  -  4  v,  o  and  2562  ♦  4  v  o  oxide  alloys. 
Alloy  2562  +  4  v/o  oxide  was  stable  to  exposure  at  2200 'F,  but  after  e.\posure  at 
2400°F  showed  a  decrease  of  about  20'i  in  rujjture  strength  at  2000°F.  The  2062 
♦  4  v/o  oxide  alloy  specimen  heat  treated  at  2200' F  and  2400“ F  showed  losses  of 
30%  and  25%  in  2(>00‘’F  rupture  strength. 

5.  The  effects  of  DR  temperatures  (2200,  2250,  2450°F)  on  2000^  slress-rupbire 
properties  were  investigated.  There  wns  no  indication  t.hai  lower  DR  temperatures 
were  beneficiaL 

6.  A  2562  6  v/o  oxide  alloy  was  prepared  and  evaluated  in  stress-rupture  at  2000’'F. 

The  rod  rolled  and  DR  alloy  demonstrated  short  time  strengths  of  3. 0  ksi.  With 
the  allowance  for  the  difference  in  density,  the  2562  ♦  6  v/o  oxide  alloy  is  stronger 
than  TD  NiCr  sheet. 

7.  Aging  studies  were  conducted  on  ODS  1562,  2062  and  2562  containing  4  v  o  oxide 
at  842*F  ia)  anti  1025*F  (<J.  Exposures  at  842”F  for  lOOO  hours  showed  the 
propensity  of  precipitation  hardening  to  increase  with  increasing  chromium 
content:  the  1562  alloy  increased  in  hardness  by  39%;  the  2062  by  70%;  and  the 
2562  alloy  by  80%.  Hardness  increases  at  1025*F  were  much  lower;  the  1562  alley 
increased  only  4%;  2062  9%;  and  the  2562  alloy  17*^. 

8.  The  2062  -t  4  t/o  and  2562  4  v/o  oxide  alloys  aged  at  842*F  for  500  hours  were 

tested  In  tension  at  RT  and  500*F  to  determine  the  effects  on  properties.  The 
2062  +  4  v/o  and  2562  *  4  v/o  alloys  aged  at  842°F  (a)  showed  strength  increases 
at  RT  of  45%  (160  and  203  ksi).  At  S00*F  the  2062  4  v/o  oxide  alloy  fell  to  an 

increase  of  only  13%  while  the  2562  *  4  v/o  oxide  alloy  maintained  41%  increase. 
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9.  The  2062  4  v/o  and  2562  +  A  v/o  oxide  alloys  aged  at  1025*’F  tor  500  hours 

were  tested  in  tension  at  RT  and  500°F  to  determine  the  effects  on  properties. 
The  2062  +  4  v/o  oxide  alloy  showed  very  little  difference  in  properties  at 
either  temperature  when  compared  to  the  unaged  W?  condition.  The  2562  ^  4 
v/o  oxide  alloy  sufiered  a  I'b  loss  in  strength  at  both  temperatures. 

10.  Electron  microscopy  and  SEM  analysis  techniques  were  utilized  to  locate  and 
identify  the  precipitate  which  formed  at  the  lO^S'F  aging  exposure  and  was 
determined  to  be  Sigma  phase. 

11.  Eiqposure  at  1200‘’F  for  10  minutes  after  aging  at  842°F  restores  properties 
essentially  to  unaged  levels. 
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TAItl.R  I 


CHEMICAI.  ANALYSIS  OF  .XS-RECEIVRD 
ARf-ON  ATOMI'/.EI>  FcCrAlY  POWDERS 


Element 

Content,  w/o 

Alloy 

1562 

Alloy 

2062 

Alloy 

2562 

Fe 

Balance 

Balance 

Balance 

Cr 

16.48 

20.21 

25.08 

A1 

5.89 

5.97 

5.89 

Y 

1.9 

2.08 

2.09 

C 

.009 

.010 

.010 

Si 

.066 

<.10 

.096 

P 

.002 

.003 

.003 

O 

.072 

.074 

.074 

N 

.0081 

.007 

.009 

H 

.0037 

.005 

.005 
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! 

I 


WEIGHT 

HUR 1 NG 

GAIN  OF  Al,l 
air  OXIDATK 

Specimaxi 

Nunilier 

Temperature 

“F 

Powder 

DeplI; 

Inches 

6 

IlOO 

.37 

7 

1100 

.37 

8 

1100 

.37 

9 

1100 

.37 

10 

1100 

.37 

1 

1130 

.37 

2 

1130 

.37 

3 

1150 

.37 

5 


1150 


37 


LE  11 

ir)62  -220  MESII  POWDm 
IN  POIICEI.AIN  CliCClHLES 


Weight  Gain 

2  lirs 

6  lir.s 

22  hr.s 

Comments 

.34 

1.01 

1.19 

Uniform  color 

.34 

.96 

1.23 

Uniform  color 

.34 

.96 

1.22 

Uniform  color 

.83 

.93 

1.23 

Uniform  color 

.84 

.94 

1.23 

Uniform  color 

.95 

1.09 

1.31 

Uniform  color 

.95 

1.10 

1.31 

Uniform  color 

.94 

1.08 

1.30 

Uniform  color 

.94 

1.08 

1.30 

Uniform  color 

TABLE  III 


WEIGHT  GAIN  OF  ALLOY  2062  -H25  MESH  TOWDEH  IXJIIING 
AIR  OXIDATION  IN  PORCELAIN  CRUCIBLES 


Powder 

%  Weight  G 

ain 

vcimen 

Temperature 

Dc'pth 

^ _ .  .  .. 

M  umber 

“F 

Inches 

2  hrs 

4  hrs 

20  hrs  Commencs 

29 

1200 

.25 

.93 

1.04 

1.43 

Uniform  color 

20 

1200 

.25 

.90 

1.02 

1.40 

Uniform  color 

25 

1200 

.4 

.91 

1.02 

1.40 

Uniform  color 

26 

1200 

.4 

.92 

1.03 

1.42 

Uniform  color 

27 

1200 

.4 

.91 

1.03 

1.41 

Uniform  color 

28 

1200 

.4 

.92 

1.04 

1.43 

Uniform  color 

• 

23 

1300 

.25 

1.17 

1 .35 

1.79 

Uniform  color 

24 

1300 

.25 

1.18 

1.36 

1.82 

Uniform  color 

19 

1300 

.4 

1.17 

Uniform  color 

20 

1300 

.4 

I.IB 

1.35 

1.79 

Uniform  color 

21 

1300 

.4 

1 .20 

1.36 

1.81 

Uniform  color 

22 

1300 

.4 

1.17 

1.35 

1.76 

Uniform  coKv 

13 

1400 

.1 

i.niiorn*  i.oU*r 

16 

1400 

.1 

1.59 

l.HO 

2 . 13 

Uniform  color 

12 

1400 

.25 

1.63 

1.83 

2.47 

Uniform  color 

17 

1400 

.25 

1.63 

1.82 

Uniform  color 

11 

1400 

.5 

1.66 

1.8,5 

2.521 

Non-uniform 

14 

1400 

.5 

1.66 

t  •  85 

2.53  1 

color  -  top  .4'* 

15 

1400 

.5 

1.65 

1.8.5 

2.52 

med,  blue  • 
bottom  .1" 

18 

1400 

.5 

1 .64 

1.83 

«  «  ««  « 

light  blvK' 

table  IV 

WEIGHT  GAIN  OF  ALLOY  2562  -;{2ri  MESII  POWDEH  DUItlNG 
AIR  OXIDATION  IN  POHCEI.MN  CRUCIBLES 


Specimen 

Number 

Temperature 

op 

Powder 

I'lepth 

Itu'he.s 

oWc  ifiht  Cain 

2.2  hi.s 

4 . 2  h  r.s 

20.2  hrs  Comments 

39 

1200 

.1 

1  .02 

1.14 

1.46 

Uniform  color 

43 

1200 

.1 

1.05 

1.11 

1 .44 

Uniform  coloi 

46 

1200 

.3 

1.02 

1 .10 

1.42 

Uniform  color 

40 

1200 

.4 

1 .02 

1.11 

— 

Uniform  color 

44 

1200 

.4 

1.04 

1.13 

1.45 

Uniform  color 

41 

1200 

.6 

1.02 

1.11 

1.40 

Top  .  5"  med. 
blue 

45 

1200 

.6 

1.11 

1.10 

1.40 

Bottom  .1” 
light  brown 

42 

1200 

.3 

1.01 (a) 

---- 

(a)  Vacuum  fusion  analysis  -  2.2  hrs  -  T 
Tq)  =  .975%  02,  .0067%  N2 
Bottom  =  1.037%  O2,  .0617%  N2 
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FeCrAlY  POWDER  PREOXIDATION  RUNS 
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TAiJLK  VII 


I 

1 


CHEMICAL  ANALYSIS  OF  20ij2  ALLOY  liEFOHE  ANU 
AFTER  PREOXIDATJON  USING  THE  MOVING  TRAY  APPROACH 


Element  As-Kecelvctl  Prcoxiclallon 


Fe 

Bal . 

- 

Cr 

19.95 

- 

A1 

5.7A 

- 

Y 

1.74 

- 

C 

0.0140 

0.0002 

0 

0.0759 

1 .0788 

N 

0.0037 

0 . 0047 

H 

0.0023 

0.0017 

Ag 

0.0135 

T 

Cu 

T^  ^  ^ 

T 

Mg 

T 

T 

Mn 

T 

T 

Ni 

T 

T 

Si 

T 

T 

(Dj  =  Trace  (<  1%) 
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TABLE  VI I 


CHEMISTRIES  OF  STARTING  hATERIALS  hX)R  AGING  STUDIES 


OPS  Alloys _  Cast  and  Wrought 


1562 

2062 

2562 

2541 

1541 

Fe 

Bal. 

Bal. 

Bal. 

Bal. 

Not  available 

Ct 

16.59 

20.21 

25.08 

24.55 

A1 

5.70 

5. 9- 

5.89 

3.83 

y 

1.98 

2.08 

2.09 

1.23 

c 

0.010 

- 

- 

0.04 

SI 

0.066 

<  0.10 

0.096 

0.15 

p 

0.002 

0.003 

0.003 

- 

0 

0.9819 

0.9077 

1.1881 

0.001 

N 

0.0028 

0.0043 

0.0040 

0.001 

Ag 

f  (a ) 

0.014 

0.001 

- 

Ms 

T 

T 

T 

Mn 

T 

T 

T 

- 

Hi 

T 

T 

T 

- 

(a) 


SeKl-quantltative  spectrographlc  analysis,  T  =  0  -  1% 


TABLE  IX 


HARDXESS  OF  FeCrAlY  ALLOYS  AS  A  FU.NCTIO.N  OF  AGING  T!ME  AT  K12^F 


Rc  Hardness  at  Various  Exposure  Tlwes  (Hrs.) 


Material 

Condition 

0 

48 

108 

273 

500 

lOOO 

Total  Be 
Hardness 
Increase 

1562 

(Ext,  6) 

As-ext. 

26 

28 

28 

29 

32 

34 

36 

10 

2062 

(Ext.  13) 

23 

29 

30 

32 

37 

37 

39 

16 

RB<^' 

32 

35 

36 

38 

40 

42 

43 

11 

2562 

(txt.  14) 

24 

33 

34 

35 

40 

42 

43 

19 

33 

39 

40 

41 

45 

43 

47 

14 

1541 

Conv. 

Plate 

8 

10 

10 

11 

16 

20 

24 

16 

2541 

Conv. 

Plate 

9 

20 

20 

25 

28 

31 

32 

23 

(1)  DR  -  Directionally  Recrystallized 
(2>  RR  -  As  Rod-Rolled 
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TABLE  X 


HARDNESS  OF  FeCrAlY  ALLOYS  AS  A  FUNCTION  OF  AGING  TIME  AT  I025°F 


Rc  Hardness  at  Various  Exposure  Tlaes  (Hrs.) 

Total  R0 
Hardness 


Material 

Condition 

0 

24 

108 

273 

500 

1000 

Increase 

1S62  (Ext. 

6) 

As -ext. 

26 

27 

27 

27 

28 

27 

27 

1 

2062  (Ext. 

13) 

DR<‘> 

23 

26 

25 

26 

26 

26 

25 

2 

32 

34 

33 

33 

34 

34 

33 

1 

2562  (Ext. 

14) 

DR 

24 

29 

28 

28 

29 

29 

28 

4 

RR 

33 

35 

38 

35 

35 

35 

35 

2 

1541  Conv. 

Plate 

8 

8 

7 

7 

9 

8 

8 

0 

2541  Conv. 

Plate 

9 

14 

14 

12 

14 

14 

11 

5 

^^^drecttonally  RecrjrstaLllzed 
^^^As-^lod  Rolled 
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ODS  PeCrAlY  SOLUTION  ANNEALING  STUDY 
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TABLE  XIV 


RESISTANCE  OF  CANDIDATE  ALLOYS  TO  BREAKAWAY  OXIDATIOX^^^ 


Extrusion 

No. 

Alloy 

MlnlaiM 

Core  Ola. .  in. 

Msxlaua 

Penetration 

Heallne  Quality 

S 

(rotary)  1S62 

.670 

ISO  alls 

Poor 

10 

1S62 

.670 

^  ISO  alls 

Poor 

9 

2062 

.63 

~  70  ails 

Good,  Isolated  > 

ll 

2562 

.65 

~  10  alls 

Excellent 

^*^p«el«en  czimswl  to  static  air  at  2400F/70  hr.  -  tpoclMn  were  1/2"  long  rods 
which  had  a  29  lall  wild  steel  clad  oa  the  outer  diaaeter. 
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TABLE  XV 

OXIDATION  RESISTANCE  OF  SELECTED  FoCi A 1 Y  ALLOYS  AS  A 
FUNCTION  OP  TIME  AT  22(H) F  in  STATIC  AIR 

•* 

Wt.  Inr  rt'ii  sf •  I  m()  -  r  i«i“  ) 


Spcciaen  vs  Timr*  (Hrs.  i 


No. 

Alloy 

112 

200  TOO  400 

TOO 

Oxide  Spa))  HttinQ 

1 

20GZ  *  U  v/o  oxido 

1.4 

1.9  1.0  1  .  ! 

o.(. 

Moder.it  e 

2 

»• 

I'n  interrupt  ed 

2.4 

Ver>'  Slight 

7 

2562  *  4  v/o  oxide 

1.4 

1.7  l.i  0.7 

0 

Moder.tt  e 

8 

•• 

Uo interrupted 

2s  “ 

Moderate 

13 

1541  Cotiv. 

2.3 

2.9  3.2  3.4 

3.4 

Very  Slight 

15 

2541  Conv. 

1.9 

2.4  2.6  3.0 

3.0 

Moderate 

(a)  Cast 

and  Wrought 
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TABI.E  XVI 


OXIDATION  RESISTANCE  OF  SELECTED  FeCrAlY  ALLOYS  AS  A 
FUNCTION  OF  TIME  AT  24O0F  IN  STATIC  AIR 


Specimen 


Wt .  Change  ) 

vs  Time  (Hrs . ) 


No. 

Alloy 

100 

200 

300 

400 

500 

3 

2062 

+  4  v/o  oxide 

3.0 

1.3 

-1.3 

-3.8 

-7.3 

4 

- 

Uninterrupted 

- 

-0.8 

9 

2362 

+  4  v/o  oxide 

1.8 

-0.9 

-4.6 

-7.7 

-11.1 

10 

tt 

a* 

Uninterrupted 

-1.5 

14 

1541 

Conv.^*^ 

4.7 

5.8 

6.6 

7.3 

7.9 

16 

2562 

Conv.^®> 

4.6 

5.3 

5.3 

5.4 

4.8 

ONtde  Spall  Rating 
Gross 


I 

t 


<*^Cast  and  wrought 


TABLE  XVII 

DR  PARAMETERS  USED  FOR  SPECIMENS  A,  B.  AND  C  OF  FIGURE  4 


Sp«c.  Configuration 

A 

B 

C 

Shape 

Rectangular 

Round 

Round 

DlMenaloDs  (mb) 

S7  X  20  X  14 

38  X  5.5  dla. 

IS  X  5.S  dia. 

Orientation 

m  Bate  (In.Ar.) 

1 

1 

1 

Tenp,  (‘f)  ^ 

2400 

2500 

2500 

Grad,  (approx.)  F/in. 

1000 

3500 

3500 

Heat  Source 

Induct. 

Induct. 

Induct. 

Heat  Sink 

Aebient  Air 

HgO  Cooled  Cu  Chill 

Cooled  Cu 

Resulting  Grain  Size 

liengtb  (h) 

57 

SO 

2.0 

Width  (na) 

11 

5.5 

5,0 

Thickness  (■■) 

.7 

2.0 

5.5 

uld  not  niece  broken  sections  together  after  fracture  to  make  measurements. 


TABLE  XIX 


EFFECT  OF  GRAIN  SIZE  ON  STRESS  RUPTURE  STRENGTH  OF  ODS  FnCrAlY  at  2000°F 


Spec. 

No. 

Alloy 

Hater  14^1 

Condition 

Grain  Sixe 
Length  x  in* ** 

S  Lr«‘»s  , 
Htsi 

Time,  lii 

14 

2562 

Un  Hx“ 

2.<) 

42.3 

2.5 

6.4 

5 

1562 

Fum  Hx^ 

0.1" 

3.5 

25.1 

4.0 

21.7 

4.5 

4i.o 

5.0 

24.0 

5.5 

24.0 

6.0 

4.0 

4 

1562 

Fum  Kx 

o..»" 

3.3 

25.2 

4.0 

25.4 

4.5 

24.3 

5.0 

23.  1 

5.5 

24.3 

ii.O 

24.0 

6. 5 

1.5 

2 

1562 

DR^ 

O.S""* 

6.5 

500.6 

7.0 

27.0 

7-5 

19.0 

B.O 

0.6 

Elong. K.A. , 


lU. 


*Ui3recrystallized,  As-Rod-Rolled 

b  « 

Furnace  Recryatallized  at  2400  F  for  2  iioui'n 


*T>irectionaIlir  ReOT-atallizeil 

**Matorial  directionally  recryat-allized  to  aeveral  inches  ic  lenyUi, 
Rage  section  is  only  0.5"  long. 


but  the  specinen 


TABLE  XX 


STRESS  RUPTURE  STRENGTHS  OF  DIRECTIONALLY  RECRYSTALI.IZED  ODS  FeCrAl  AL!A)YS 


Alloy 

Test.  Tempo 

Str^as, 

K.Hi 

Kuplure 
Lifi*,  Hrs* 

%  Elorui* 

%  H  of  A 

2062  + 

k  v/o 

1900 

5.6 

l4o 

SLill 

Kunniiiy 

20(i2  » 

h  v/o 

19<X> 

<i.  1 

120 

Still 

kumiiiii) 

2062  t 

4  v/o 

2000 

4.0 

2062  t 

4  v/o 

2<XK} 

4.5 

25-8<-> 

2062  + 

4  v/o 

2000 

9.0 

29.4<"> 

2062  + 

4  v/o 

2(KX> 

5.5 

5-« 

I.V 

li.l 

2062  ♦ 

4  v/o 

2000 

5.0 

474 

1-0 

Nil  T  i  iia  1  •>€) 

iM>  rupture 

2062  T 

4  v/o 

2100 

4.5 

62(> 

Still 

Kuiiniiig 

2062  ♦ 

4  v/o 

2100 

9.1 

22.9 

S4.0 

2562  t 

4  v/o 

1900 

7.0 

4 10 

Still 

Kuimino 

2562  ♦ 

4  v/o 

1900 

7.5 

112-4 

<>.o 

22.7 

2562  » 

4  v/o 

2000 

4.0 

24.4^“^ 

2562  ♦ 

4  v/o 

2IMO 

4.5 

24.9‘‘*^ 

2562 

4  v/o 

2000 

5.0 

23.9^*^ 

2562  » 

4  v/o 

2000 

5.5 

•14. 2'“^ 

2562  ♦ 

4  v/o 

2000 

6.0 

2562  + 

4  v/o 

3000 

6.5 

25.3^“* 

2562  + 

4  v/o 

3000 

7.0 

10. 1 

1 1.8 

23.0 

2562  + 

4  v/o 

2000 

6.5 

<>2.0 

7.7 

30.3 

2562  + 

4  v/o 

2000 

6.5 

190.9 

11.8 

6.  1 

2562  + 

4  v/o 

2100 

5.8 

46.7 

10.2 

25-0 

2562  + 

4  v/o 

2100 

6.5 

6.8 

16.0 

34.3 

^‘^StresB  incre«a<Mi  by  O.?  Ksi 
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TABLE  XXI 

STRESS  RUPTURE  STRENGTHS  AT  2000°F  OF  DIRECTIONAL  RECRYSTALLIZED  ODS  FeCrAlY 


ALLOYS 

SUBSEQUENT  TO  LONG 

TIKE  HIGH 

TEMPERATURE 

EXPOSURES  IN  AIR 

Alloy 

Heat  Treatment 

Stress, 

Ksi 

Rupture 
Life,  Hrs 

%  Elong. 

• 

%  R  of  A 

2063 

2200'*F-lO0  hrs. 

5.0 

l.(> 

13.5 

2063 

2'»00*F-100  hrs. 

5.0 

5.5 

2.9 

5.9 

2562 

2200"F-100  hrs. 

6.5 

57.7 

2.4 

- 

2562 

2400*F-100  hrs. 

6.5 

0.8 

- 

7.8 

n 


TABLE  XXII 

STRESS  RUPTURE  STRENGTHS  AT  2000°F  OF  ODS  FeCrAlY  ALLOYS  DIRECTIONALLY 
RECRYSTALLIZED  AT  VARIOUS  TEMPERATURE 


Alloy 

DR  Temp. ,  “f 

Stress, 

Ksi 

Rupture 
Life,  Hrs. 

%  £  i  orii) 

%  R  of  A 

2062 

2250 

6.0 

1.^4 

- 

- 

2062 

2250 

5.5 

51.4 

6.0 

17.4 

8.C 

30*8 

CO 

CO 

2200 

7.0 

24.0 

7.5 

5-5 

- 

- 

2562 

2450 

7.0 

24.0 

7.5 

1.5 

3.9 

31*5 

T/^BLE  XXllI 


STRESS  RUPTURE  RESULTS  OR  ODS  2562  *  6 

V  0  OXIDE  AND 
\1  2000" F 

1562  f  n 

V  0  OXIDE  ALLOYS  TESTED 

Spec. 

No. 

Material^*^ 

Condition 

Streiss, 

Ksi 

T  ifcH» 

Hra. 

%  % 

Elonu.  R  of  A 

17-1 

25^2  +  6  v/o 

RR,  amt 

6.5 

lO.  1 

5-0  i4.5 

17-2 

25^>2  +  6  v/o 

HH.  amt 

6.5 

1 

Load  increasoii 

7.0 

(.8.  i 

7.'- 

2<J.  1 

8.0 

23.7 

8.5 

25.  4 

9.0 

1.  ) 

7.0  22,3 

17-3 

2562  •*  6  v/o 

RR,  -SfS 

6.5 

■'.5.'< 

Load  incii^a.'iod 

7.0 

2«>.t> 

7.5 

25.2 

8.0 

24.0 

8.5 

5.6 

9.0 

O.J 

9.8  37.0 

.  Rod  Roll,  % 

s  reduction  in 

nr«a 

4S 


so 
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P»r  C25  +  'JOG  t  )»X0'® 

Figure  1  Rnqptnre  Strew  vs  larsen  Idler  Parsmeter  ShoirliiK  s  Compertsou  of  TDWiCr  and 
AUof  1S62  *  4yo  Oxide  Sheet 
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— - - j 
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i  1  i 

• 

ra  1 - - 

iJ  1  1  '  1 

1  [  .  ! 

■  f  '  i. 

1  .i 
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'1  . " 

1 

1 

X  i . 

^  F 
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a 

i 

-  t"' " 

'  i. 

■* 

1 

i 

] 

• 

A1  Au 

Cr 

Fe 

Ffgiure  3  ScannloK  Electron  Microscope  (SEtfl/Enexgy  DIspexviPn  Analy;^ 
X-Rny  (EOAX)  of  an  Fei5CrGAl2Y  Powder  Particle  Showing 
Break -Away  OxitktUon  at  1. 2  Weight  Percent  Oxygen  Level. 
Specimen  Shadowed  with  Gold 


A1  All  Cr  Kir 


2300X 


Al  Au 


Flguxo  S  Soamilng  Electron  Microscuim  (Si-IM)/'  Knirr^i  Dis^ljemioa  Aualysis 
X-Bay  (EDAX)  of  an  Fe33Cr«AI2Y  IWlor  I^irtlcle.  No  D(^ctafate 
Break-Away  Oxittitlon  at  I,  I  WcIk«iI  IVrtvitt  Os\^n  Level. 
Specimen  ShiadoivcU  with  Goki 
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TRANSVaiSE  LONGITUDINAL 

2062  +  v/o  OXIDE 

7  Photomicrographs  Showing  (SOOX)  Hicrostructure  of  As-Bxtruded  Oxide 
Dispersion  StrengtObned  FeCrAlY  Alloys 


mz 


2562  +  4  v/o  OXIDE 


2X 


2062  -t-  4  v/o  OXIDE  2X 


Figure  9  PhotoBacrographs  Showing  the  Structure  of  Oxide  Dispersion  Strengthened 
FeCrAlY  Alloys  in  the  Cod  Rolled  and  Furnace  Recrystallized  Condition 


2062  4  t/o  oxide 


1.52 


0.8X 


Figure  10  PiiotoinacroKraphs  Stowing  the  Structure  of  Oxide  Diapersioa 

Strengthened  FeCrAlY  Alloys  in  the  Rod  Rolled  and  Direedonally 
Reerystallissd  Condition 
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+1  +3  +4 

OOO, 


025F  Aging  on  Hardness  of  ODS  Alloys  1562,  2062  a 
Hardness  of  Cast  and  Wrought  Alloys  1541  and  2541 


Hardness  Changes  In  ODS  Alloy  1562.  2062  and  2562  During  Aging  at  842F.  Cast 
and  Wrought  Alloys  1541  and  2641  are  also  Included  for  Comparison 


-i  S."  *  .  1 

■  ■  AXi' 


»I1tR:TI«ULI.r  MCRTStMLLIZBD 


4IMMX 


-  ■  *■  V  S 

'  *  .  ,Sr  ••.  .;••  ...>.' 

*  .'  "'•'■■■■•I' 

■  i'.'  -..  .*•«  '  •',.,  . 

•  •  ■ '  1  '  '  : 

k^-  ■6'T  ■^  ' 

•■»  ,  *■ 

AOD  AT  10»*F  Fan  900  HDORS 


Flgiire  15  Eteetrm  Fhotonlcrognphs  Shtnrlng  tiie  llicrostractan  of  2561  +  4  t/o 
ODdd*  Miar  In  ttw  Urecttonilly  Reotyntalllaed  and  Aflod  Coodittoa 


'■v-fc-y 


Flgur*  17  Scanning  Electron  Microscope  CSBtO/Baersy  Dispersion  Analysis  X-Rsy 
(■DAX)  of  2562  +  4  v/o  Oxide  Alloy  Aced  at  1025*F  for  500  Boors. 

TIm  nearly  Squl-ataalc  Cr  and  Fe  Content  Indicates  the  I^reclpltate 
to  he  SlRaa  Phase  (a) 


60 


Str«B|th,  kil 


AiPmI  Aced  Ut 

stt*p  icas*p 

KT 


A|i«d  OK 

M3*F  liKS'r 

300 

Test  Tsisperaturc,  *P 


Flgnn  19  Teimite  PropertlTS  (rf  2582  +  4  v/p  Oxide  AUosr  In  Uie  DlrecUowUly 
RecrystaUiUBd  and  Aged  Condilions 


JL002  +  4  V/C 


1562  +  4  v/o 


2062  +  4  v/o 


2562  +  4  v/o 


Figure  21  Photomacrographs  of  Oxide  Dispersion  Strengthened  FeCrAl.Y  Alloy  Showing 
Resistance  to  "Breakaway"  Oxidation  Subsequent  an  Exposure  at  2400'^F  In 
Air  for  70  Hours.  The  Bxtruded  Segments  Were  Left  in  the  Mild  Stee) 
Extrusion  Jacket  to  Initiate  a  Catastrophic  Oxidation  Rate  and  Test  the 
Alloys  Healing  Ability  3X 


2062  +  4  v/o 
CYCLED 


2062  +  4  v/o 


2562  +  4  v/o 
CYCLED 


2200°? 


2562  +  4  v/o 


1541  OONV, 
CYCLED 


2541  CONV. 
CYCLED 


2062  +4  v/o 
CYCLED 


2062  +  4  v/o 


2562  +  4  v/o 
CYCLED 


2400“r 


2562  +  4  v/o 


1541  OONV. 
CYCLED 


2362  OONV. 
CYCLED 


Figure  22  Biotomacrographs  (l.S  X)  Showing  the  Oxidation  Resistance  ot  Oxide 

Dispersion  Strengthened  FSCrAlY  Alloys  In  Conparlson  to  Conventional 
Cast  and  Wrought  Alloys.  Furnace  Exposures  Were  at  2200°  and  2400°F 
in  Air  for  500  Hours. 


Figure  24  Orientation  and  Shape  of  DR  l^cimen  Relative  to  Extrusion  Direction  (top) 

Microstructures  Achieved  When  DR  Processed  in  Direction  of  Arrows  (bottom) 


M.  A  ^ 


V.‘$T4, 


/?l. 


*D,  as  -•  ;  ,5 


li 


Figure  35  Fhotomacrograplw  (4X)  of  1563  +  4%  Oxide  Alloy  fUremm  Rupture 
S^tecimens  whicli  were  IXrectioaally  RecryetaUized  in  the  Short 
Tmnsveree  DirecticMi.  The  Braae  Joined  i^eimens  Were  Ground 
jjQHgltndlneUy  and  are  Shown  in  the  Macro-etched  Condition,  liie 
Location  cd  the  Braae  Joints  are  hidiwted  hy  the  Arrows 


Figure  26  Fbotoaacrograpbs  ot  1562  +  4  v/o  Oxide  Alloy  Stress-Rupture 
SpeclMens.  Specleen  No.  25  was  Directionally  Recrystallized 
in  the  Long  Transverse  Direction,  Specinen  No.  4  was  a 
Furnace  Recrystallized  Longitudinal  Speciaten. 


strengthened  FeCrAlY  Alloys 


Figure  S9  Larson  Miller  Plot  Showing  the  Effects  of  Long  Time  High  Temperature 

Exposures  on  the  Stress-Rupture  Strengths  of  Oxide  Dispersion  Strengthened 
FeCrAlY  AUoys 


Larson  Miller  Plot  ShowlnK  the  Effects  of  Directional  Recrystallization  Temperature 
on  Ghcide  Dispersion  Stren^hened  FeCrAlY  Alloys 


il< 
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IS.  ABSTRACT 


An  investigation  of  oxide  dispersion  strengthening  (ODS)  of  oxidation  resistant 
FeCrAlY  alloys  was  conducted  using  argon  atomized  prealloyed  powders  and  a  modified 
SAP  technique.  The  main  objectives  were  to;  Improve  surface  stability;  establish 
uniform  powder  pre-oxidation  techniques;  and  improve  the  stress-rupture  properties 
to  the  level  exhibited  by  TD  NlCr  sheet.  Increased  chromium  content  proved  very 
successful  in  eliminating  "breakaway"  oxidation.  Several  powder  pre-oxidation 
techniques  were  Identified  which  provide  uniform  oxidation  and  prevention  of  nitrogen 
contamination.  Target  weight  gains  were  consistently  achieved.  Rupture  stress  of  the 
ODS  FeCrAlY  bar  was  raised  to  the  9.0  ksi  level  through  the  addition  of  6  v/o  oxide 
and  is  now  comparable  In  strength  to  TD  NiCr  at  temperatures  above  2000F.  If  a  densit) 
correction  is  applied  to  the  nipture  stress,  ODS  FeCrAlY  is  superior  to  TD  NiCr  at 
temperatures  above  approximately  1800F. 
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